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Preface 


The 1951 TRaNSAcTIONS (volume 70) of the American Institute of Electrical Engineers will be 
published in two parts. 


Part I contains technical program papers and related discussions presented at these meetings: 
Winter General Meeting, New York, N. Y., January 22-26, 1951. 

Southern District Meeting, Miami, Fla., April 11-13, 1951. 

North Eastern District Meeting, Syracuse, N. Y., May 2-4, 1951. 

Great Lakes District Meeting, Madison, Wis., May 17-19, 1951. 

5. Summer General Meeting, Toronto, Ont., Canada, June 25-29, 1951. 

Twenty-four Summer General Meeting papers are included in Part I. The remainder of the 
Summer General Meeting papers will be included in Part II together with the approved pa- 


pers and related discussions presented at the Pacific General Meeting and the Fall General 
Meeting. 


Pee Ne 


The TRANSACTIONS now contains a new section entitled Discussions From Abroad, which has 
been established to permit members residing outside of the United States (exclusive of Can- 
ada) to submit discussions which could not otherwise be received before the closing dates. 


Full correlation of all material in this volume has been accomplished by means of the multi- 
entry index beginning on page 1110. Reference to any of the several subject entries for a 
technical paper will lead directly to the paper and to any published discussion on that paper. 
The original number assigned each paper by the Technical Program Committee is given in the 
author index. 


Statements and opinions given in papers and discussions published in TRANSACTIONS are the 
expressions of contributors for which the American Institute of Electrical Engineers assumes 
no responsibility. 


Part II of Volume 70 is expected to be available for distribution early in 1952. 


The Power Interruption Testing of 


Lightning Arresters 


OTTO ACKERMANN 


ASSOCIATE AIEE 


LIGHTNING arrester is a device 

which permits a practically unre- 
stricted flow of electric current between 
its line and ground terminals when the 
terminal voltage becomes a certain mul- 
tiple of its rated voltage, and which in- 
terrupts the flow of current when the over- 
voltage has passed. The interruption 
preferably should take place when the 
power current goes through zero for the 
first time after the overvoltage has dis- 
appeared. In this phase of their operat- 
ing cycle lightning arresters perform as 
circuit breakers. 

This observation applies to valve-type 
and expulsion-type lightning arresters 
alike. Their difference as interrupting 
devices lies in the manner in which they 
influence the power follow current before 
current zero occurs. Valve-type lightning 
arresters have a nonlinear resistance 
characteristic chosen so that the resist- 
ance at rated voltage is very large com- 
pared to the reactance of any ordinary 
power source. Therefore the power cur- 
rent flowing through a valve type ar- 
rester is practically in phase with the gen- 
erated voltage. For this reason the cur- 
rent flow is rather easily interrupted at 
current zero. The interruption is accom- 
plished by a series gap structure which 
consists of a number of closely spaced 
metal electrodes. The more the current is 
restricted by the valve section the easier 
is the duty on the gap section as an in- 
terrupting device. Power follow currents 
in valve type lightning arresters are of the 
order of 10 to 100 amperes. 

Some types of expulsion lightning ar- 
_ resters, particularly those for transmis- 
_ sion line protection, constitute the other 

extreme in the spectrum of interruption 
a sses. The are drop in such devices 
is so lowthat the power follow current is 
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determined almost entirely by the system 
itself. In most cases the system short- 
circuit current is preponderantly reac- 
tive; hence current zero occurs near the 
crest of the generated voltage. The re- 
covery conditions therefore are severe. 
The clearing action takes place entirely 
in the are channel of the expulsion device 
and at its electrodes; the series gap is not 
counted upon to contribute to the ex- 
tinction process. It merely serves to in- 
sulate the expulsion device from the line 
while normal service voltage only is pres- 
ent. 

In some expulsion lightning arresters 
for distribution service, the are voltage 
developed in the deionizing channel be- 
comes an appreciable part of the service 
voltage. In these cases therefore the ex- 
pulsion lightning arrester actually limits 
the power follow current and it becomes in 
this respect more like a valve-type light- 
ning arrester, with one fundamental dif- 
ference however always remaining. In 
expulsion lightning arresters the series 
gap plays no part in the current interrup- 
tion while in valve-type lightning ar- 
resters the series or quench gap takes over 
at least part of the interrupting duty. 
That the series gap of expulsion lightning 
arresters cannot be expected to assist in 
the current interruption becomes evident 
if one considers the recovery characteris- 
tics of rod gaps on which very interesting 
information has been presented recently.! 

When testing lightning arresters for 
their power current interrupting ability, 
the discharge usually is started by a surge 
generator. The surge however is not al- 
ways followed by power current. The es- 
tablishment and the severity of the latter 
depends on the following factors: 


1. Amplitude and wave shape of the surge. 


2. Relations between surge and power cir- 
cuit impedances. 


3. Timing of the surge with respect to the 
60-cycle voltage. 

4. Voltage and current output of the power 
source. 


5. Power factor between generated voltage 
and bolted fault current. 


6. Circuit recovery voltage. 


7. Characteristics of the interrupting de- 
vice. 


The importance of these features in 
duty-cycle testing of lightning arresters 
has long been realized and they have 
found recognition in the various stand- 
ards.2*45 Therefore, adequate test cir- 
cuits must contain means for controlling 
these factors. 

A basic circuit which incorporates these 
features is shown in Figure 1. The cir- 
cuit consists essentially of three sections: 


1. The power source with series reactance 
Ly, resistance Ro and shunt capacity C to 
control short-circuit current and recovery 
voltage. 

2. The surge circuit comprising surge gen- 
erator, test piece, and separating gap. 


Q 


3. The impulse timing circuit. 


Besides having adequate 60-cycle power 
and a high-voltage d-c source available, 
the construction of the circuit sections 
(1) and (2) is mainly a matter of procur- 
ing and inserting the required ohmic, 
reactive, and capacitive impedances. In 
the case of timing the surge, however, 
various means can be employed. A 
special circuit which is very effective for 
this purpose, has been developed and is 
widely used in the laboratories of the 
company with which the author is asso- 
ciated. It is shown in the left-hand lower 
portion of Figure 1. 

The key to the circuit is the three elec- 
trode gap “A-B”’. When the surge gen- 
erator is charged, the full voltage of the 
first capacitor unit appears across the 


Paper 51-1, recommended by the AIEE Protective 
Devices Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951. Manuscript sub- 
mitted July 14, 1950; made available for printing 
November 3, 1950. 


Orro ACKERMANN is with the Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pa. 
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gap “A” since the center electrode is 
grounded through an unenergized trans- 
former. This gap is adjusted to spark 
over at a potential 10 to 20 per cent 
above the surge generator charging volt- 
age. The necessary increment in voltage, 
which must be opposite to the polarity of 
the charging source, is obtained by shock 
excitation of the potential transformer. 
Gap “B”’ must be set so that the trans- 
former surge alone does not break it down; 
this should be checked with the surge 
generator de-energized. On the other 
hand, the setting of gap ‘““B’’ must be 
smaller than that of gap ‘‘A’’. With the 
gaps co-ordinated in this manner, ‘‘A”’ 
will spark first and ‘‘B”’ will follow within 
a matter of a microsecond. The signal 
impulse in the potential transformer is 
produced by the discharge of a capacitor 
which in turn is timed by a thyratron 
tube. The grid of the latter normally is 
kept at a d-c potential so low that even 
the continuously superimposed voltage 
from the peaking transformer will not un- 
block it. However, if the bias level is de- 
creased by closing the switch ‘“‘S’’, the 
first following peaking impulse of the 
proper polarity will open the valve. The 
peaking transformer is energized from a 
phase shifter which ties in with the power 
supply to the lightning arrester under 
test. 

The surge circuit consists of the surge 
generator capacitors, the series resistance 
R,, the test piece, and the separating gap. 
The function of the latter is to insulate 
the surge generator from the power cir- 
cuit after the surge discharge. An ordin- 
ary rod gap, set as high as the surge gen- 
erator voltage will permit, is sufficient in 
many cases. In others it is necessary to 
employ a regular deionizing gap. A de- 
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Figure 1. Basic circuit for the 
power interruption testing of light- 
ning arresters 


vice similar to the test piece itself often 
answers the purpose. 

The resistor R,, which stands for the 
total damping and series resistance, has 
the purpose of regulating intensity, dura- 
tion, and wave shape of the discharge. 
Heavy oscillatory surges should normally 
be avoided since they may constitute an 
unusually favorable condition for the de- 
vice to clear because of the expulsion ac- 
tion created by the surge or because of 
the introduction of a current zero before 
power follow current is established. Uni- 
directional surges of moderate current are 
most likely to produce power follow. 

Because of the various circuit condi- 
tions which may or may not produce 
power follow,® it is not safe to credit a 
device with unusually good performance 
characteristics, if no power follow current 
can be obtained even though circuit con- 


Figure 2. Ratio of Sd 
maximum possible peak 
current to symmetrical 
crest current as a func- 
tion of power factor 


ditions may have been varied to some 
extent; for one can be almost certain that 
within the unlimited combinations of 
surge and power occurring in the field, 
power follow current will be established 
under some possibly not even rare cdndi- 
tions. Then the device whose design has 
grown around no power follow test condi- 
tions may find itself in a situation which 
it is not equipped to handle. In the test- 
ing of protective devices one therefore 
should explore all reasonable means to 
make the test piece take power follow, 
such as controlled timing and variation of 
length and intensity of the surge current. 

In order to obtain the maximum sever- 
ity discharge from a given power source, 
the various standards stipulate that the 
current flow be started as early as pos- 
sible in the cycle of the generated voltage. 
Starting the discharge at the zero point of 
the generated voltage theoretically pro- 
duces the longest duration of power 
follow current up to the next current 
zero, and it also will produce the highest 
current peak. The subject is treated 
more fully in the Appendix where it is 
shown that, while the current will reach 
its highest crest under that condition, it 
will remain near zero for the longest pos- 
sible time at its beginning. This, together 
with the fact that the generated voltage is 
lowest during that time, renders it diffi- 
cult and, in lightning arresters with very 
effective deionizing action even impos- 
sible, to start power follow at the zero 
of generated voltage. The most consist- 
ently operating setup usually is one in 
which the discharge is initiated 20 to 30 
degrees after that moment. 

The deductions drawn in the Appendix 
also serve to highlight the decisive in- 
fluence of even moderate ohmic resist- 
ance—and for that matter, of are volt- 
age—on the development of power follow 
current. If a current has zero per cent 
power factor, which implies that there be 
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Figure 3(A). Magnetic oscillogram of a 
line-type expulsion lightning-arrester opera- 
tion 


no losses at all in the circuit and hence no 
decrement in the d-c component, and if 
the discharge is started at the zero point 
of the generated voltage, the peak current 
will be twice the symmetrical crest value. 
This is the condition represented by the 
start of both curves ‘A’ and ‘“‘B” in 
Figure 2. If the power factor is increased 
while the symmetrical rms current is 
maintained by corresponding adjustments 
in the circuit reactance, the obtainable 
current peak decreases as shown by curve 
“A”. This illustrates how the severity of 
tests at plants set for the same symmet- 
rical current output can be affected by the 
power factor. If, on the other hand, the 
reactance of the power source remains 
fixed and the power factor is increased by 
adding resistance, the obtainable peak 
current changes as shown by curve ‘“‘B”’. 
This curve illustrates for instance how 
drastically even moderate circuit or 
ground resistance reduces the service duty 
of an expulsion lightning arrester below 
what would be expected on the basis of 
bolted fault calculations made by con- 
sidering the circuit reactance only which 
is done quite frequently. It also illus- 
trates in an approximate manner the bene- 
ficial effect of high are drop in expulsion 
lightning arresters. A rigid analytical 
treatment of this subject has been pre- 
sented by Boehne a decade ago.’ 

The curves ‘‘A”’ and “B”’ in Figure 2 
are drawn up for the power follow current 
being started at the zero point of the 
generated voltage. As mentioned be- 
fore, this is a somewhat hypothetical case 
because lightning arresters are likely to 
suppress power current under that condi- 
tion. If the discharge is initiated 6 elec- 
trical degrees later, the crest current 
ratio at zero power factor, instead of being 
equal to 2, will be 1 + cos 6, which is 


1.985, 1.94, and 1.87 for B=10, 20, and 
30 degrees respectively. The curves ‘‘A”’ 
and ““B” for the various timing angles 
would therefore start at the values quoted 
above, which are only little below 2, but, 
for 100 per cent power factor would all 
end up at the same points as the original 
curves. It is evident that the deviations 
from the original curves are small and 
that the latter can be used with little 
error for the purpose of this analysis. 
One of its objects is to show that for 
strictly comparative tests it is not enough 
to have the power sources adjusted for 
the same symmetrical rms current, but 
that the power factors also should be held 
within reasonably narrow limits. At 10 
per cent power factor for instance, the 
crest current ratio is close to 1.75, while 
at 40 per cent power factor it is 1.28. 

Air core reactors are the most suitable 
primary means for controlling the test 
current. They are represented by L; in 
Figure 1. The power factor is increased 
by inserting the resistance Ro. Ro as well 
as L, may be placed in either the input or 
the output side of the power transformer. 

The recovery voltage also must be sub- 
ject to control as the natural frequency of 
unmodified test circuits usually is too 
high to be representative of the service 
conditions for which protective devices, 
particularly of the expulsion type, are de- 
signed. The frequency of the recovery 
voltage is controlled by the variable 
capacity C:, and its amplitude by R,° 
and by Ro, the latter affecting the phase 
angle and thereby the instantaneous value 
of the generated voltage to which the cir- 
cuit tries to recover. 

It has long been established by studies 
on the recovery conditions on power sys- 
tems*!°1! that the recovery voltages en- 
countered usually are not of a single fre- 
quency. The main features of their 
rather variable pattern have been de- 
scribed by giving voltage and time for 
first and second crest® or by the time to 90 
per cent of normal, and to maximum 
voltage." While circuits of such charac- 
teristics can readily be set up on analogue 
computers, it commonly is impractical to 
duplicate them in power laboratory 
tests. It is, of course, essential that the 
recovery conditions encountered in the 
field be known, but they need not neces- 


Figure 3(B). Cathode-ray oscillogram of the voltage of the same operation as Figure 3(A) 
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Figure 4. Operation of an expulsion lightning 

arrester on a 70 per cent power factor circuit 

with E/X=7,500 amperes rms; showing a 

low crest current despite maximum severity 
timing 


sarily be duplicated in testing. It is in 
general satisfactory if the test circuit 
comes reasonably close to field conditions, 
or better yet if it is somewhat more 
severe so as to demonstrate an operating 
margin. It usually is not too difficult to 
set up a circuit which although having 
only one recovery frequency, fulfills these 
requirements sufficiently well. The time 
T from current zero to recovery voltage 
crest can be predicted with fair accuracy 
by considering it to be equal to one half 
cycle of the natural frequency of the cir- 
cuit: 


Tosi K/L 


where L is the reactance of the power 
supply in henries. Expressing L in terms 
of the reactive short circuit current J and 
of the plant voltage E, the shunt capacity 
required in the case of 60-cycle power 
becomes 


Q,=T? X38.2 X1/EX107* mfd 


T being expressed in microseconds. 

The addition of such capacity to the 
test circuit always poses certain difficul- 
ties. Being in parallel to the test piece it 
increases appreciably the demand on the 
surge generator output required to pro- 
duce sparkover and, after sparkover, it 
may cause the same type of oscillatory 
currents as the surge generator capacitors 
which, as explained earlier, may interfere 
with the normal functioning of the light- 
ning arrester. Therefore the capacitor 
Cy should be separated from the test 
piece by a resistance R. or by a small re- 
actance Z;. The resistor Re must be kept 
below certain values because of its effect 
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Figure 5. Power follow in a valve-type light- 
Se ning arrester 


on the recovery voltage. In a surge cir- 
cuit with negligible reactance, R, and Rp 
determine the initial voltage available for 
the sparkover of the test piece. If this is 
insufficient, additional impedance to the 
drain of surge energy may be provided by 
the reactance L3. It is important, how- 
ever, that the C, Ls; circuit be kept from 
oscillating particularly in tests with low 
power follow currents because of the 
possibility of establishing unrealistic 
current zeros. To eliminate oscillations 
in the L3 C; loop, R. must be about twice, 
or R3 about one half times, 


WV 13/C; 


if either resistor is used alone. 

From the foregoing discussion it is 
evident that before power voltage is ap- 
plied, a certain amount of testing and 
circuit adjustments are required in order 
to assure that the test piece sparks over 
consistently. It occasionally happens 
that despite these preparations the 
lightning arrester refuses to operate when 
the power supply circuit is closed in. 
The cause for this behavior usually is 
found in the resultant lowering of the 
total circuit impedance. In this case the 
preliminary tests should be made with the 
primary of the power transformer shorted, 
or with the power source circuit fully 
connected but de-energized. 

In order to properly evaluate tests it is 
essential that voltages and currents be 
recorded adequately. The location as 
well as the characteristics of the measur- 
ing devices must be given proper con- 
sideration. The measurement of the 
recovery voltage deserves particular at- 
tention because changes in this quantity 
sometimes have a decisive influence on the 
performance of the protective device. 
Magnetic oscillographs as well as poten- 
tial transformers can be relied upon for 
faithful recording as long as the measured 
frequencies are below, and not too close 
to either the response limit of the vibrator 
element or the resonant frequency of the 
measuring circuit. Oscillations which 
can be read clearly on the magnetic rec- 
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ord usually are far enough from these 
limitations and are therefore reliable. 
The magnetic and cathode-ray voltage 
records of Figures 3 (A) and (B) for in- 
stance agree very closely although the 
recorded frequency is close to 1,000 cycles. 
The cathode-ray oscillogram is taken 
over a capacity divider and is recorded on 
a film drum of 18-inch periphery rotating 
at 6,000 rpm. As the film is exposed for 
several revolutions of the drum the lines 
overlap, but they can readily be traced 
through. 

Figure 4 shows the test of a 9-kv ex- 
pulsion type lightning arrester on a cir- 
cuit whose reactance would permit a cur- 
rent of 7,500 amperes rms but which 
had a resistance Ro=0.83 ohm added, 
making the power factor about 70 per 
cent. The discharge was initiated by a 
surge about 10 degrees from voltage zero. 
The current reached a crest of 7,650 am- 
peres which makes the crest current ratio 
7,650/7,500X1.41=0.72, Im ‘spite of 
the not strictly accountable effects of the 
are voltage this is in good agreement with 
the value predicted by curve “B” in 
Figure 2. 

Figure 5 shows the power follow in a 
valve-type lightning arrester. There is 
no voltage recovery surge because voltage 
and current go through zero at prac- 
tically the same instant. Because of the 
current limiting effect of the valve ele- 
ment, the follow current is independent of 
the available short-circuit current. 

Figure 6 is the record of the failure of 
an experimental expulsion lightning ar- 
rester. The sharp break in are voltage in 
the first half cycle of power follow indi- 
cates clearly that this was the crucial 
moment and that the integrated effects of 
current and arc voltage up to that point 
only were responsible for failure of the 
device. 

The decisive features in performance 
tests however are not always as plainly 
evident as on the records cited in the 
foregoing. Painstaking analysis of some- 
times seemingly insignificant details in 
oscillograms, the appreciation of the 
functions of the various branches of test 
circuits, and the critical inspection of the 
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Figure 7. Course of power 
follow current for various ini- 
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Figure 6. Failure to interrupt power follow 
of an experimental expulsion lightning arrester 


test piece must combine to get full value 
out of test efforts which are a major and 
usually quite expensive part of the engi- 
neering endeavor in the development and 
the application of protective devices. 
Their number has increased considerably 
in the last decade or two. With regard 
to their merits, staged tests cannot fur- 
nish unequivocal answers as long as the 
range and the effects of the many variables 
which influence test performance are not 
considered sufficiently, A broad analysis 
of some of these variables, in particular of 
impulse timing and of the power factor 
has been the object of this paper. 


Appendix |. Power Factor and 
Obtainable Crest Current 


The equation for an asymmetrically 
started short-circuit current is 


1=lact de (1) 


Designating the time of start by the angle 
a to the next following zero of the sym- 
metrical current, and the crest value of the 
symmetrical current by J, 


ac =I sin (2aft—a) (2) 


The initial value Za, of the d-c component is 
equal and opposite to the instantaneous 
value of the a-c component at time f=0. 
Therefore, employing equation 2 
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Jao= —I sin (—a)=J sin a (3) 


The course of the d-c component is given by 


t 


Ido =1ac€ a (4) 
The time constant being 
‘s Raj, 


where X and R are the total circuit im- 
pedance and resistance in ohms. 

It is to be noted that the time constant 
T of the d-c component is related directly 
to the power factor of the circuit if the dif- 
ference between a-c and d-c resistance is 
neglected. Therefore 


esas, 6 
a) aed (6) 


y being the phase angle between voltage and 
current. Equation 1 therefore takes the 
form 


i=I [sin (2xft—a)+ sin ae~?™/*/*] (7) 


This is illustrated for a few cases in Figure 7. 
In this figure curve “‘A” represents the 
course of the symmetrical current. If the 
short circuit is started at the time of sym- 
metrical current zero, the current will follow 
curve “‘A”’ irrespective of its power factor. 
If the current is started one quarter cycle 
ahead of this point and if the power factor 
is zero, the current will follow curve ‘‘B,” 
the d-c component in this hypothetical case 
remaining constant. If the power factor is 
71 per cent (X/R=1) and the current again 
is started one quarter cycle ahead of normal 
current zero, the course of the current is 
represented by curve “‘C.’”’ It is noted that 
in this case the current first develops a small 
negative loop. 

If seeking the starting point from which 
the current would reach its highest possible 
crest, inspection of Figure 7 indicates, and it 
can be proved rigidly, that this point should 
be as far as possible ahead of the symmetri- 
cal current zero without developing a nega- 
tive loop. This condition is met when the 


current starts out tangentially to the time 
axis, in other words, when di/dt=0. Dif- 
ferentiating equation 7 in this manner re- 
sults in 
2nf X cos (2aft—a)— 

QnfR/X sin aXe—?™/*/X—9 (8) 


For t=0 this reduces to 


sin a 


= tana=—= tang (9) 
cos @ R 


In other words, the starting point for ob- 
taining maximum crest current lies g degrees 
ahead of normal current zero and therefore 
coincides with the zero point of the voltage 
cycle. 

For 71 per cent power factor this case is 
represented by curve ‘‘D” in Figure 7. 

The maximum current crest for any power 
factor now can be calculated by combining 
equations 7 and 9. It is obvious that the 
actual crests Jmax occur slightly ahead of the 
symmetrical current peak values J, but also 
that the amplitude J,,,,’ at the time of sym- 
metrical peak is very close to the absolute 
maximum. Since the expression for Imax’ is 
much simpler than that for Inax, the former 
is used to present the relation between 
power factor and maximum crest current. 
The time ¢ becomes 


2 
ae (10) 


thus reducing equation 7 to 


—( 9+% )cot » 
aN On sin ge ( 2) ) (11) 


The ratio Imax’: as a function of the power 
factor cos ¢ is shown in Figure 2. If the 
actual symmetrical rms current J,,, and its 
power factor are known the possible peak 
current is 


Imax’ =Tims+/2A 


as read from curve “‘A”’ in Figure 2. 

Curve ‘“‘B”’ presents the effect of adding 
resistance to a circuit of given reactance X. 
The symmetrical peak current is 


(12) 


Ee Ev/2 
V/ X24 R? XV1+ cot? ¢ 


where £ is the rms value of the generated 
voltage. Substituting this in equation 11 
and noting that ./2E/X now is to remain 
constant, one obtains the equation for 
curve ‘‘B.” Hence, if the circuit react- 
ance is known, the maximum crest current 
obtainable when resistance is introduced in 
the circuit is 

Ev/2 

X 


Imax’ =——— B 


(13) 


(14) 
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Discussion 


M. G. Leonard (Westinghouse Electric Cor- 
poration, Sharon, Pa.): Mr. Acker- 
mann’s paper makes a very important 
contribution to the subject of how to test 
lightning arresters and what equipment is 
necessary to make these tests as valuable as 
possible. A few questions might be raised, 
however, by this paper, to which we would 
like to suggest answers. Some of these are 
as follows: 

(1) Can lightning arresters be tested in 
the field to determine whether they are 
functioning properly? 

Mr. Ackermann’s paper makes it clear 
that if significant test results are expected, 
the equipment required for testing is neces- 
sarily rather complicated. It seems to be 
impractical under most conditions to make 
such tests on apparatus in the field. It may 
be possible in some cases to set up apparatus 
in the Repair Shop for this purpose, but 
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even here it is not often economically justi- 
fied. It is unfortunate that a simple test, 
such as could be obtained by measuring the 
60-cycle breakdown strength, does not give a 
significant result in regard to the general 
performance of the lightning arrester, but 
this is quite obviously the case. 

(2) Is the testing made under laboratory 
conditions as described adequate to predict 
field performance? 

The answer to this is “yes.’”’ This is 
demonstrated by the fact that lightning 
arresters which have been proved under 
these laboratory tests have also proved to 
be adequate in the field. In fact, the labora- 
tory tests are usually more severe in such 
factors as rate-of-rise of recovery voltage 
and point-of-timing of the surge wave than 
conditions experienced in the field. The 
only qualification to this answer is in regard 
to the application of other tests which brings 
us to our next question. 

(3) Is this the most important part of 
laboratory testing of lightning arresters? 


The answer is that although it is highly 
important, other tests are equally impor- 
tant. For example, the surge current ca- 
pacity as determined by tests which simu- 
late direct strokes of lightning, is extremely 
important. This is true partly because of 
the inherent destructive effects of the light- 
ning surge, and partly because current mag- 
nitude is unpredictable as contrasted to the 
60-cycle current, which can generally be 
approximated for any given installation. 
All of the other tests which are used to 
prove the performance of the device must, 
of course, be taken into account. These 
other tests are not as complicated in general 
as the power testing, and it was for this rea- 
son that Mr. Ackermann confined himself 
to the one field. Our purpose here is to 
point out that other testing must be con- 
sidered and may be of equal importance. 


H. O. Stoelting (Line Material Company, 
Milwaukee, Wis.): Mr. Ackermann has 
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resters, particularly of the expulsion type. 
All of the variables are of importance in the 
development of a lightning arrester which is 
satisfactory in service. 

As discussed in the paper, the severity of 
duty cycle tests on expulsion lightning 
arresters is particularly affected by the 
power factor of follow current, more prefer- 
ably termed the X/R ratio of the power cir- 
cuit. 

Although the importance of power factor 
is recognized in the lightning arrester stand- 
ards, the severity of service conditions is not 
known so the standards specify that tests be 
made at power factors not over 40 per cent. 
This permits tests to be made, at the option 
of the designer, ranging in power factor from 
near zero up to 40 per cent. 

As pointed out in the paper, the ratio of 
maximum asymmetric crest current to sym- 
metric crest current can range from two at 
zero power factor to 1.28 at 40 per cent 
power factor. Thus there is a considerable 
range in severity of the duty cycle tests as 
permitted by the standards. 

In order to make tests in all laboratories 
on a common basis it will be necessary to 
specify X/R of the test circuits much more 
closely than is done in the present standards. 
The ratio should be based on conditions that 
exist in service. This requires a survey of 
the power industry. 

The beneficial effect of high are voltage of 
expulsion lightning arresters in limiting the 
maximum follow current through the light- 
ning arresters is extremely variable. The 
arc drop is dependent on the magnitude and 
duration of surge current as well as on tim- 
ing, X/R of the power circuit, and magni- 
tude of the follow current available. 

The arc voltage of a lightning arrester also 
may vary with the number of unit opera- 
tions. As the arcing channel is enlarged by 
erosion the arc voltage becomes lower and 
the current limiting action is reduced. 

As a result of the variable nature of are 
voltage the current limiting action of expul- 
sion lightning arresters will vary over a wide 
range. Therefore, lightning arresters must 
be tested on circuits having follow currents 
available equal to the maximum rating of 
the lightning arrester. It is not sufficient to 
test at lower currents and extrapolate these 
data to the higher current ranges. 

The various standards define an expulsion 
lightning arrester operating according to 
specifications on a circuit having a sym- 
metrical fault current of 10,000 amperes as 
“unlimited” in rating. The choice of the 
term “unlimited” is unfortunate -as_ it 
creates the impression that a lightning 
arrester can be used anywhere without re- 
gard to the follow current available. This 
is not necessarily true. A lightning arrester 
which operates properly at 10,000 amperes 
may fail on a circuit having available 15,000 
or 20,000 amperes. 

Although a high are voltage aids the 
operation of an expulsion lightning arrester 
in so far as it assists in limiting the maximum 
current through the lightning arrester, it 
may have a deleterious effect by increasing 
the recovery voltage of a circuit. This is 
particularly true when there is a sudden rise 
in are voltage at the moment of arc extinc- 
tion. 

Although the various lightning arrester 
standards recognize the importance of rates 
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specified as very little is known about the 
range of voltages that can exist under serv- 
ice conditions. This is another case of 
where a study of field conditions will assist 
in the writing of lightning arrester stand- 
ards which will assure lightning arresters 
that operate satisfactorily in service. 


T. J. Carpenter (General Electric Company, 
Pittsfield, Mass.): In comparing lightning 
arrester performance by laboratory power 
tests, the effect of power factor and impulse 
timing are of primary importance, as 
stressed by the author of this paper. This is 
particularly true when testing expulsion 
lightning arresters. The life of all expulsion 
lightning arresters is limited and depends on 
the current magnitude and duration, be- 
cause some of the arc chamber material is re- 
moved by erosion on each power current 
operation. Consequently, the interrupted 
current will approach that of the available 
short-circuit current during the erosion life 
of expulsion lightning arresters, including 
those that limit the current for the first few 
operations. 

Figure 1 of this discussion shows the rela- 
tion of the available circuit crest current as 
a function of the impulse timing and power 
factor in greater detail than curve A of 
Figure 2 of the paper. Only the range of 
power factors recommended by AIEE 
Standard 28A' is included. The basic equa- 
tion from which the curves of Figure 1 were 
calculated is the same as that derived in the 
Appendix, equation 7 of the paper, but with 
the voltage as the reference base. The clos- 
ing angle @ is the angle between the voltage 
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angle ¢, the current is symmetrical; and 
when closing angle @ equals zero, the current 
is maximum. It should also be pointed out 
that the duration of the current increases as 
the power factor and closing angle @ de- 
crease. 

The conditions which determine the estab- 
lishment of lightning arrester power follow 
current in the field and in laboratory tests 
differ as stated by the author. One essential 
difference is that impulse surges used in 
laboratory tests are produced by lumped 
capacitance impulse generators. Follow 
current will be more difficult to start with a 
lumped capacitance generator because the 
capacitance of the impulse generator and 
the inductance of the power source produce 
an oscillatory component of current. Even 
with conventional impulse wave shapes, the 
resultant lightning arrester current may 
pass through zero several times during the 
build up of follow current, due to the oscil- 
latory component current of the branch cir- 
cuit. With the same polarity impulse and 
power voltage, the current component due 
to the stored energy in the reactive power 
circuit and the component from the power 
circuit are opposite in polarity. This pro- 
duces a period of low resultant current, and 
the lightning arrester gap may interrupt 
this current at the next current zero, thus 
preventing the establishment of lightning 
arrester follow current. With opposite 
polarity impulse and power voltage, the 
component currents are additive, and power 
current is more easily established. Although 
follow current may be difficult to start in 
some laboratory tests, this can generally be 
accomplished by varying the impulse current 
magnitude and wave form, timing angle, 
and relative polarities. 

The adjustment of the three electrode 
gap A-B, Figure 1 of the paper, can be made 
less critical and independent of generator 
polarity by holding the center electrode at 
half potential by a high resistance divider. 
The initiating pulse can be applied through 
a low capacity high-voltage capacitor con- 
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i 1. See Reference 3 of the paper. 


Otto Ackermann: I wish to thank the 
_ gentlemen who have entereddiscussions, par- 
\ticularly because their contributions are 
furnishing welcome emphasis to the princi- 
pal theme of my paper, namely the effect of 
| power factor and timing on the test severity. 
| In addition, Mr. Carpenter has introduced 


the question, of the effect of surge voltage 
_ polarity on the establishment of power fol- 
‘low current. As far as valve-type lightning 
/arresters are concerned, I have not treated 
| the subject at all in my paper because there 
| already exists a well founded understanding 
(see reference 2 of the paper) and standard- 
ized practice (see reference 1 of the paper). 
The latter consists in testing with surge and 
instantaneous power voltage of the same 
polarity. 

With regard to expulsion lightning ar- 
_ resters, I simply mentioned that oscillatory 
surges or surge current reversal in the 
lightning arrester should be avoided. The 
reason for this is that the lightning arrester 
| tries to seal off when the sum of the currents 
I’ and I”, shown in Figure 2 of this discus- 
| sion, becomes zero. Whether it will be suc- 
| cessful depends on the course of the recov- 


ery voltage. The latter has three compo- 
nents: 
| 
i 
; 
; 
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(1) The transformer electromotive force. 

(2) The charge left on the surge genera- 
tor. At the first current zero, this charge is 
opposite to what it was initially in accord- 
ance with the well-known phase relations 
between voltage and current in an oscilla- 
tory circuit. 

(3) The voltage originating from stored 
magneticenergy. This tries to maintain the 
currents J’ and J” shown in Figure 2. J” 
is the current built up in the transformer by 
the initial surge before lightning arrester 
sparkover and then by the sum of arc volt- 
age and transformer electromotive force dur- 
ing the time of arcing. At the moment of 
zero are current J’ and J” are equal. With 
the are interrupted, they continue to flow 
as one in the surge generator-transformer 


to overcome the total circuit resistance. 
As the current J” depends almost entirely 
on the relation between arc voltage and 
transformer electromotive force, the mag- 
netic energy voltage component is extremely 
variable. At a given are polarity, its direc- 
tion however is the same whether the trans- 
former electromotive force is opposite to, or 
just smaller than, the arc voltage. 

While the transformer electromotive force 
remains almost unchanged during the surge 
discharge, the polarity of the surge generator 
charge and probably that of the stored mag- 
netic energy component alternate repeatedly 
during any one oscillatory surge discharge. 
Since their combined effect determines the 
character of the recovery voltage at each 
current zero, more and less favorable inter- 
rupting conditions apparently alternate 
within the course of any one surge. If the 
conditions ever are favorable enough to 
interrupt the discharge, the development of 
regular power follow will thereby be stopped 
no matter whether the surge polarity ini- 
tially was equal or opposite to the trans- 
former electromotive force. 

It therefore appears to me that Mr. Car- 
penter’s observations regarding a polarity 
effect when working with oscillatory surges 
cannot be generalized. The effect rather 
must be the result of special characteristics 
of circuit and test piece. It has however 
furnished the occasion for this added prob- 
ing into a rather involved subject and 
thereby, I hope, has helped its further clari- 
fication. 
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A 2,000,000-Kva Transformer Core 
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Synopsis: The largest 60-cycle transformer 
core ever made now is in successful opera- 
tion on a 300,000,000-volt betatron, If this 
core were used for an oil immersed power 
transformer, windings for continuous opera- 
tion at 2,000,000 kva could be placed on it. 
Construction of this core is a demonstration 
of the feasibility of constructing trans- 
formers many times as large as those now 
being built. The advantages of larger 
transformers are lower cost per kilovolt- 
ampere and less loss per kilovolt-ampere 
transformed resulting in higher efficiency. 
The present limitation in the size of trans- 
formers is shipping clearances. When trans- 
formers larger than those which can be 
shipped are needed, they can be constructed 
by assembling them in the field using con- 
struction and methods similar to those em- 
ployed for this large core. 


HE largest 60-cycle transformer core 

made to date was constructed for a 
300,000,000-volt betatron. Since the core 
operates at 60 cycles, the mechanical and 
electrical construction used is typical of 
the construction required for a 60-cycle 
power transformer core of the same phys- 
ical size. The size of power transformer 
cores is normally limited by the require- 
ment that they be shipped from factory to 
destination by railroad. The size and 
weight of this particular core was far be- 
yond the possibilities of rail shipment and, 
consequently, it was assembled and 
erected in the field. 

‘A betatron is a high-voltage trans- 
former in which the primary winding is a 
wound transformer coil and the second- 
ary winding is a stream of electrons flow- 
ing around in a circle inside of a dough- 
nut-shaped porcelain vacuum tube. Other 
betatrons have been built for lower volt- 


Paper 51-2, recommended by the AIBE Trans- 
formers Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
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mitted October 2, 1950; made available for printing 
November 3, 1950. 
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ages, the greatest number having been 
constructed in the 20,000,000-to 25,000,- 
000-volt range, although units of lower 
and higher voltage also have been made, 
This 300,000,000-volt betatron at the 
University of Illinois is by far the largest 
and highest voltage betatron which has 
been constructed. The main magnet of 
this betatron is the core of a shell-type 
transformer. It was designed by power 
transformer engineers and erected in the 
field under the supervision of transformer 
erection engineers. 


Construction 


The main core of this betatron is a 
shell-type transformer core of 0.014-inch 
thick silicon steel of transformer grade 
having a stack height of 75 inches, a 
length of 280'/s inches, and a height of 
154 inches. Including the end frames, 
the dimensions are 287 inches long by 196 
inches wide by 212 inches high. The 
total weight of 0.014-inch thick (29 gauge) 
transformer steel in the completed core is 
575,000 pounds. 

The core was stacked with the planes 
of the laminations horizontal as a matter 
of convenience using temporary bracing 
to support the core. In its final position 
the planes of the laminations are ver- 
tical, in which position the laminations 
have ample strength to be self-supporting. 

The main core of the betatron is the 
core of a shell-type transformer. Be- 
cause of its large size and weight, de- 
partures from conventional construction 
commonly used for transformer cores 
were necessary. The changes which were 
made are typical of the changes which are 
applicable to large power transformer 
cores, 

The largest punching size required was 
47 inches wide and 107 inches long. Be- 
cause the core steel was available in only 
30-inch wide coils, the core is made in 
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layers such as shown in Figure 2 in which 
the width is made of two laminations in- 
stead of a single lamination. A 1/2- 
inch core duct is provided in the center of 
the core for cooling. Air at high pressure 
is forced through the core duct in order 
to keep the operating temperature of the 
core low. 

In a transformer core the eddy cur- 
rents which flow between sheets are 
limited by the interlamination resistance. 
In ordinary size cores it is feasible to make 
the interlamination resistance sufficiently 
high so that this current is negligible. 
However, the per cent loss caused by this 
current increases as the square of linear 
dimensions of the core. 

In addition, in this particular core the 
voltage produced by the flux change is 
twice its normal value. This occurs be- 
cause the flux in the core is biased in a 
negative direction by direct current ap- 
plied to a winding on the core. The re- 
sult is a rate of flux change which is twice 
the normal rate for a 60-cycle core since 
the change from maximum negative to 
maximum positive flux density occurs 
in half the time of that of a 60-cycle 
transformer core, 

To keep these stray currents at a low 
value, sheets of 5-mil paper were in- 
serted every 1/4 inch of core stack in the 
core to give the effect of a large number 
of small cores instead of one large core. 
With this construction each individual 
section acts like a small individual core 
and the losses in it are not affected by the 
voltages in the remaining sections. 

The steel of the core is clamped be- 
tween end frames which hold the core in 
position and provide a mounting for the 
auxiliary cores of the betatron similar to 
the mounting which would be necessary 
for clamping the coils of a power trans- 
former. 

The end frames are clamped together 
by the use of tie bolts and jack bolts as 
shown in Figure 3. These bolts are 
tightened to apply the desired pressure to 
the core iron. As with other large cores 
it is desirable to avoid the use of bolts 


through the core iron. Such through 


bolts must be insulated and are a n- 
tial source of trouble if the insulation be- 
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Figure 4. Side view of 300,000,000-volt 
betatron 


comes damaged and breaks down. In 
addition, core bolts involve the me- 
chanical difficulty of punching holes in the 
laminations and keeping them lined up in 
core material which is never perfectly 
flat. These difficulties increase as the 
size of the core is increased, and are 
avoided by the use of the combination of 
tie bolts and jack bolts. The type of 
construction used is applicable to power 
transformer cores much larger in size 
than the one constructed. 


Erection 


For ease in construction, the core was 
stacked with the planes of the laminations 
horizontal, with the laminations sup- 
ported by the end frames and temporary 
bracing which was later removed. To 
place the core in its final operating posi- 
tion, it was necessary that the planes of 
the punchings be made vertical requiring 
rotating the entire core through 90 de- 
srees. In a factory. such changes in 


position are normally made with heavy 
lifting equipment such as overhead 
cranes. 

To avoid the necessity for such 
equipment, rockers were made a part of 
the end frame, so that the core could be 
stacked flat in the usual position and 
rolled to the upright position after as- 
sembly. The center rocker was removed 
after moving the core to position, but the 
outside rockers remained as a part of the 
end frame. 

The rather spectacular turning over 
operation was accomplished by the usual 
rigging means. Since the center of the 
rocker was placed at approximately the 
center of gravity of the unit, no great 
force was necessary for this operation. It 
would not be difficult to develop a simpler 
method of turning over to replace the 
conventional rigging means. 


Application of Core to 
Power Transformers 


This betatron core could be used for a 


60-cycle power transformer. Designs 
have heen laid ont to fit in thic care and 


the curve of Figure 5 has been plotted 
showing how the kilovolt-amperes ob- 
tainable varies with the voltage of the 
winding of the transformer. The kilovolt- 
amperes obtainable varies from 2,100,- 
000 kva at 15 kv to 1,200,000 kva for a 
230-kv transformer. As would be ex- 
pected the highest kilovolt-amperes are 
obtained with the lowest voltage rating 
because of the better insulation space 
factor at the lower voltage rating. A 
2,000,000-kva single-phase transformer is 
far larger than any unit which has been 
built. 

However, the construction of such 
a unit is entirely practicable by fabricat- 
ing the parts in the factory and perform- 
ing the assembly work in the field. The 
construction of this core demonstrates 
the practicability of assembling the 
heaviest part which is the core in the 
field. Cores employing similar construc- 


- tion can be made for considerably larger 


transformers. r 
Such cores would be arranged as shown 
in Figure 6 with the plane of the lamina- 


tions vertical so that the laminations are 
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struction employed would be similar to 
that employed for the betatron but 
modified to provide the necessary clamp- 
ing for the coils. In order to provide the 
maximum mechanical strength for the 
coils, it is desirable to wind such large 
coils on a circular mold, so that the re- 
sulting coil is a circular disk, providing 
maximum strength for winding, assem- 
bling, and to resist short-circuit stresses. 
The most desirable procedure would be to 
assemble the coils and insulation in the 
factory either in a single group or in more 
than one group with the required insula- 
tion. In the field the coils would be put 
in place and the core built into the coils. 
The tank could be made in sections with 
provision for welding the sections to- 
gether after the core and coils had been 
assembled and turned into position. The 
tank would be constructed to withstand 
full vacuum to facilitate dryout after 
completion. 

The disadvantages of such a large 
transformer are, of course, the large in- 
vestment contained in a single unit to- 
gether with difficulties of providing as- 
sociated equipment for the circuits. 
The advantages of such a unit are the in- 
creased efficiency and decrease in weight 
obtainable. For example, the losses of a 
2,000,000-kva unit would be half of the 
losses of 16 125,000-kva transformers to 
transmit the same amount of power. The 
weight of material required for the 2,000,- 
000-kva transformer would be half of the 
material required for construction of 16 
125,000-kva units. This does not mean 
that the cost of the 2,000,000-kva unit 
would be half that of the 16 units but 
with proper erection techniques, the sav- 


ing in cost should be substantial. 
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Typical core and coil construction for a 2,000,000- 
kva power transformer 


Conclusions 


The construction of a 60-cycle trans- 
former core sufficiently large for a 2,000,- 
000-kva transformer demonstrates the 
practicability of building transformer 
cores several times the size of those now 
being used for power transformers. It 
also demonstrates the effectiveness of 
the construction used to secure electrical 
and mechanical performance in a large 
core. It demonstrates the practicability 
of constructing transformers several times 
as large as those now being made. 
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Although the cost of field erection on a 
per-pound basis of material is greater 
than that of factory construction, the 
saving in weight and the improvement in 
efficiency inherent in a larger unit for 
transforming a given kilovolt-ampere, 
may at some future date make the con- 
struction of transformers much larger 
than can be shipped by rail an economica!} 
procedure. 
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Marking of Varmeters 


AIEE COMMITTEE REPORT 


SURVEY of operating practices 

with respect to the marking of var- 
meters has been made under the sponsor- 
ship of the Instruments and Measure- 
ments Committee. Although the re- 
sults show a wide divergence of practice, 
the ‘In’ and “Out’’ markings are most 
commonly used, with “In” at the left of 
the scale. These markings are recom- 
mended as standard. 

This report contains the results of an 
investigation by an Instruments and 
Measurements Subcommittee on the 
Marking of Varmeters and Related In- 
struments, first appointed in 1946. At 
the time this Subcommittee was ap- 
pointed, the recommended change of the 
sign of inductive reactive power from nega- 
tive to positive had not been adopted. 
The conflict still existed between the use of 
the negative sign in technical discussions 
and calculations, and the use of the posi- 
tive signin actual practice. The Subcom- 
mittee on the Marking of Varmeters was 
supposed to find a solution which might 
make the change in sign unnecessary. 

When the change in sign was formally 
approved by the Standards Comunittee, 
the original reason for the existence of 
the Subcommittee was eliminated. How- 
ever the Instruments and Measurements 
Committee decided that the Subcom- 
mittee should be continued, with the as- 
signment to determine present operating 
practices on the marking of varmeters. 


Paper 51-3, recommended by the AIEE Instru- 
ments and Measurements Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIRE Winter General Meeting, 
New York, N. Y., January 22-26, 1951. Manu- 
script submitted October 16, 1950; made available 
for printing November 8, 1950. 
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A questionnaire regarding present prac- 
tices was circulated to operating com- 
panies in December 1948. The replies 
are the basis for this report and its rec- 
ommendations. 


Replies to Questionnaire 


The questionnaire was sent to 106 
operating companies in order to obtain 
the desired data on current practice. 

The questionnaire was in the form of a 
diagram of an imaginary system showing 
probable varmeter locations and assumed 
direction of quadergy* flow, with spaces 
provided for the indication of the scale 
marking of each instrument and the 
direction of deflection under the assumed 
conditions, see Figure 1. 

Following is a summary of the replies 
received from the 48 companies replying, 
which constitute about 45 per cent of the 
106 questionnaires sent. 


TYPE OF MARKING 


Types of scale markings are listed in 
Table I together with the number of com- 
panies reporting the use of each type in 
one or more locations. 

Attention is called to the fact that al- 
though reports were received from only 
48 companies, the summation of the 
number of companies using each type of 
marking is 67. This indicates that a 
number of companies use more than one 
type of marking. 

“Tn” and “Out” markings are the most 
common and are used by about 52 per 


* Quadergy: In describing the operation of an a-c 
system with reactive loads, it has been found con- 
venient to assume the existence of this quantity, 
which is analogous to energy, which is inherently 
positive and which is assumed to flow out of a 
properly excited source and into an inductive load. 
A proposed definition of quadergy is: ‘The 
quadergy which has been supplied by a source to a 
load during a time interval is the integral with re- 
spect to time of the reactive power at the points of 
entry of the load taken over the time interval. 
The value of quadergy is given in varhours when 


the reactive power is in vars and the time is in 
hours,’’ 
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cent of the companies reporting. Sixteen 
companies (33 per cent) use this marking 
exclusively. Three of the 10 companies 
reporting the use of ‘‘Lag”’ and “Lead” 
indicate that the instruments are power 
factor meters rather than varmeters. 

Twenty-five of the companies use left- 
hand zero instruments at certain loca- 
tions instead of the center or off-center 
zero type. Table II is a list of the left- 
hand zero scales reported and the number 
of companies using each marking. 

The use of left-hand zero instruments 
is distributed as shown in Table III. 


REFERENCE POINT 


Table IV shows how the companies 
divided with respect to the point used as a 
reference for the markings of the var- 
meters at various locations. 

Nine of the reporting companies use the 
station bus as a reference in all cases. 
The majority (about 65 per cent), how- 
ever, use the generator as a reference 
point for the generator varmeters and the 
bus as a reference for those in the lines. 


DIRECTION OF DEFLECTION 


Table V shows the number of com- 
panies reporting right- or left-hand de- 
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Figure 1. 


flection of center or off-center zero in- 
struments in each of the positions listed 
in the questionnaire. 

All companies reporting do not use 
varmeters at every point shown in the 
questionnaire. The number of companies 
reporting no instruments at various points 
is given below: 


EAST STATION 
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Quadergy flow in an imaginary system 


Several companies, although reporting 
that varmeters are not used at some of the 
points shown, indicated the probable 
scale marking if they should use var- 
meters at these points. 


Discussion 


Table IV 


Number of Companies 


Reference Point 
Station 
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DIG e era hs 1 pauses 3,(other station)... .39 
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Station meter...... 4 piven th 


Substation meter... 6 
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ence point for line varmeter markings and 
the use of the generator as a reference 
point for the generator varmeter. 

However another practice followed by 
nine of the seporting companies specifies 
the use of the bus as a reference point in 
all cases. This method presents the ad- 
vantage that the sum of the “In” var- 
meter readings on a particular bus should 
always equal the sum of the ‘“‘Out”’ read~ 
ings. (See log sheet, Figure 1). 

It is interesting to note that 67 per cent 
of the companies replying, in their load 
dispatching evidently make use of the 
concept that there is a quantity which 
flows from one part of the system to an- 
other, and in so doing goes “in” and 
“out”, “‘to” or “from’’, and is ‘“‘received”’ 
and ‘‘delivered”. These are the com- 
panies listed in categories 1, 3, 6, and 9 
of Table I. This fact seems to the Com- 
mittee to justify the introduction by the 
AIEE Committee on Instruments and 
Measurements into engineering parlance, 
of the new word ‘“‘quadergy”’ to designate 
this quantity. Reactive power is the 
measure of the rate of flow of the quan- 
tity, but strictly speaking, reactive power 
does not “flow” but merely is maintained 
at the load terminals by the action of the 
power system. 

The results of the survey indicate that 
the establishment of a standard for the 
marking of varmeters is desirable. There- 
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fore in conformance with the present 
practice of the greatest number of re- 
porting companies, the Committee rec- 
ommends that the “In” and “Out” 


marking be adopted as standard, and in 
center zero or off-center zero instru- 
ments, that ‘‘In” be on the left. 

The Committee calls attention to the 


(a 


i 


advantages of uniformity and of a quan- 
titative check on log sheets, which can be 
obtained by the use of the bus as a stand- 
ard reference point. 


re 


Discussion 


Ralph M. Rowell (General Electric Com- 
pany, West Lynn, Mass.): The Subcommit- 
tee has done an excellent job in co-ordinat- 
ing a large number of reports from various 
sources on a subject as controversial as that 
pertaining to the marking of varmeters. 
It is particularly gratifying to note the large 
percentage favoring the ‘“In-O-Out”’ mark- 
ing, which we have favored and have used 
now for several years. 

Lack of standardization of these markings 
has been distressing both to the instrument 
manufacturer and to the user alike, and 
numerous complaints arise when a standard- 
ized marking does not fit in with a particular 
company’s special requirements. We feel 
that this Subcommittee’s recommenda- 
tions will go a long way toward standardiz- 
ing the marking of these instruments 
throughout the industry, and, while many 
special types of markings have been re- 
ported in the questionnaire, it seems likely 
that a majority of the companies using these 
will fall in line with the new recommenda- 
tion once it becomes standardized by in- 
strument manufacturers. 

While the Subcommittee does not defi- 
nitely recommend the use of the station bus 
as a reference point for deciding the direc- 
tion of indication, the report does state some 
of its advantages. However, we feel that 
these claimed advantages are not all realis- 
tic. While it is true that complete varmeter- 
ing of a system, including generators, tie 
lines, sychronous condensers, and so forth, 
by this method could furnish a convenient 
check on the summation of “In” and “Out” 
values, there are actually few systems which 
are so complete as to cover all these points. 
If one point in a system is omitted, such a 
check is no longer possible. 

On the other hand, we must point out the 
advantages of using the machine as a 
reference point except as in the case of a tie 
line, where the bus would be more suitable. 
Generator instruments usually are grouped 
‘on a single panel and to the operator repre- 
sent conditions which apply to that particu- 
lar generator. Thus, in the usual case of an 
inductive load with the generator furnishing 
the reactive power to the load, it would seem 
logical to have this instrument read “Out,”’ 
indicating that the reactive power or *“quad- 
ergy”’ is flowing out of the machine to the 
bus. 

If the bus is used as a reference in this 
case, as shown in Figure 1 of the report, 
generator varmeters A and G would read 
“In” and would be confusing to the opera- 
tor. A large majority of companies have in- 
dicated a preference for right scale deflec- 
tion on generator instruments with quadergy 
flow from the generator to the bus. This 
preference would agree with the “Out” 
reading recommended for the right side of 
varmeter scales. It also would be consistent 
with the direction of indication of the other 
instruments on the generator switchboard. 


While it may be difficult to standardize on 
the direction of these instruments, we would 
recommend that the use of the machine as a 
reference point be considered, except in case 
of feeders or tie lines, where the bus would be 
acceptable. 


H. Bany (General Electric Company, Phila- 
delphia, Pa.): I have noted the final para- 
graph of this report: 

“The Committee calls attention to the 
advantages of uniformity and of a quantita- 
tive check on log sheets, which can be ob- 
tained by the use of the bus as a standard 
reference point.” 

Admittedly, there are advantages in hav- 
ing one standard reference point for vars, 
such as the bus, but it would seem that this 
same principle would be applicable to watts 
as well as to vars. However, it probably 
would be a little difficult to have the bus 
adopted as the reference point for watts, 
which would mean that for a generator de- 
livering load into the bus the wattmeter 
would show “watts in.”’ Hence, from a 
practical standpoint, to agree in general 
with the practice on wattmeters, we have 
been marking varmeters furnished with 
switchgear in accordance with the following 
rules and these seem to meet the approval of 
most of our customers: 

“In applying varmeters to different types 
of circuits, these fall into two separate 
classifications, as follows: 

“1. When the apparatus is located in the 
station or the installation itself, these indi- 
vidual pieces of apparatus are considered as 
the point of reference, and so the varmeter is 
connected to read ‘“‘Out’’ when these ma- 
chines or other pieces of apparatus are de- 
livering magnetizing vars to the system, as 
in the case of overexcited synchronous 
generators. 

“2. For incoming and outgoing lines or 
feeders the station bus is considered as the 
point of reference and the varmeters are 
connected in the opposite direction, that is, 
to read “‘In’’ when magnetizing vars are 
supplied to the station bus.” 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): The Subcommittee is 
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Figure 1. Vector diagram showing active, 
reactive, and apparent power relationships 


to be congratulated on concurring with the 
opinion of the majority of those returning 
the questionnaire regarding ‘‘In-Out” scale 
marking of all center zero or displaced zero 
varmeters. 

It appears regrettable, however, that in 
the only other recommendation it made, the 
Subcommittee disagreed with the opinion of 
the majority of the 48 reporting companies, 
65 per cent of whom favor using the (reactive 
power ) generator as a reference point for the 
generator varmeter and the bus as a ref- 
erence point for the varmeters in the lines. 

To use the bus as a reference point for all 
varmeters in the station, as advocated by 
the subcommittee at the end of its report, 
means that: 

1. Generator varmeters will deflect farther 
and farther downscale (to the left) the 
greater their kilovar output becomes, in con- 
trast to their wattmeters, a-c ammeters, 
and field ammeters, which will all deflect 
farther and farther upscale as the load on 
the machine is increased. 

2. To be consistent, wattmeters should be 
marked similarly if it is really of value to be 
able to equate the totals of the “In” and 
“Out” readings quickly for each bus in a sta- 
tion as recorded on log sheets. This would 
mean that all generator wattmeters would be 
marked ‘‘In’’ and normally would deflect to 
the left, if they are to correspond to tie-line 
wattmeters marked ‘‘In-O-Out.” 

3. Every circuit coming to, or leaving, the 
bus would need to be equipped with a 
varmeter, if it is to be possible to balance the 
totals of the ‘‘In” and ‘‘Out” readings for 
that bus. 

It appears doubtful whether any of the 
three foregoing consequences would be toler- 
ated generally by operating companies. 


Perhaps an even larger majority of those | 


answering the questionnaire would have re- 
jected the proposal to use the bus as ref- 
erence point in all cases, if the lower half of 
the tabulation in Figure 1 of the report had 
been entitled “Reference: Var Source or 
Station.’”’? Then meters F, M, and N would 


have read “‘Out”’ as, indeed, they should, if | 


they are to deflect similarly to meters A and 
G, which also are metering sources of quad- 
ergy. 


B. R. Nevins (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The recommenda- 
tion of the Subcommittee that varmeter 
scales of the center zero or off-center zero 
type be marked ‘“‘In-O-Out’’ apparently is 
based entirely on the fact that answers to the 
1948 questionnaire indicate that 28 of the 67 
companies replying currently use this scale 


marking, with the rest of the answers spread | 


thinly over 13 other scale markings. © 
We do not believe the raw fact that a 
plurality or even a majority survey result of 
current practice necessarily reflects the best 
modern practice. In a survey “by com- 
panies’ a majority answer may well repre- 
sent a very small percentage of application 
by the companies replying. New concepts 
& 
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Figure 2(A). Tie line feeding active and re- 
active power into the bus."&Tie line is acting 
like an overexcited generator onsthe bus 
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Figure 2(B). Tie line feeding active power 

into the bus and taking reactive power from 

the bus. Tie line is acting like an under- 
excited generator on the bus 


may have been accepted since the practices 
under question were established. Some or 
most of the companies representing the 
plurality or majority may sense the in- 
adequacy of their practice, but lacking con- 
structive suggestion for a change do not re- 
flect this inadequacy in their answers to a 
questionnaire. For these reasons, and in the 
belief that we have a constructive suggestion 
based on sound theoretical and practical 
argument, we take this opportunity to dis- 
agree with the Committee Report. 

It is our opinion that marking both watt- 
meter and varmeter scales ““Out-O-In”’ and 
using the bus as the reference point is com- 
pletely in accord with modern concepts of 
watts and vars both electrically and 
analytically, and correlates the visual indi- 
cation with another universally accepted 
practice that positive quantities be indi- 
cated to the right, or upward, and negative 
quantities to the left, or downward. 

Using active power into the bus as the 
reference vector, the apparent power (kilo- 
volt amperes) for a tie line may occupy any 
position in any of the four quadrants shown 
in Figure 1 of this discussion. The apparent 
power vector shown in the first quadrant 
may be resolved into two components, one 
along the horizontal axis, which is the active 
power indicated by the wattmeter, and 
another along the vertical axis, which is the 
reactive power indicated by the varmeter. 
From this it follows that active and reactive 
power, although at right angles to each 
other, are in themselves algebraic quantities 
and both should be considered as such. On 
this basis, both active and reactive power 
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Figure 2 (C). Tie line taking active and re- 
active power from the bus. The tie line is 
acting like an induction motor load on the bus 
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Figure 2 (D). Tie line taking active power 

from the bus and feeding reactive power into 

the bus. The tie line is acting like an over- 
excited synchronous motor on the bus 


may be positive or negative independently of 
each other with respect to some reference 
point in the circuit. 

It is logical to take as a reference point the 
bus to which the various equipment in a 
station connects and to assume that active 
and reactive power are positive quantities 
(analytically) when flowing toward or ‘‘In’’ 
the bus and negative when flowing away 
from or ‘‘Out” of the bus. On this basis 
Kirchhoff’s laws will apply separately to the 
active and reactive power, that is, the total 
active power flowing ‘‘In’’ to the bus will 
equal the total active power flowing “Out” 
of the bus and the total reactive power 
flowing ‘‘In’’ to the bus will equal the total 
reactive power flowing}‘‘Out” of the bus. 
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Figure 3 (A). Overexcited generator feed- 
ing active and reactive power to the bus 
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Considerable confusion has prevailed at 
various times in interpreting the readings of 
varmeters largely because reactive power 
was considered as four kinds corresponding 
to the four quadrants of a tie-line power 
factor meter, rather than as a positive 
or negative algebraic quantity, which it 
really is. The principles outlined in the 
preceding paragraph were applied to our 
system in 1942, with the result that con- 
fusion was eliminated. The ease and ac- 
curacy with which active and reactive power 
flow in the system can be established at any 
time has so pleased our system operators 
and other Operating Department people 
that they probably would oppose any sug- 
gested change. 

Figures.2 through 6 of this discussion in- 
dicate the various applications of varmeters 
on our system, and conclusively show that 
our reccmmended marking and reference 
point do not provoke any of the discussion 
as to illogical relative indications between 
various meters. The one exception where 
there is an apparently illogical indication is 
in the case of an outgoing radial line. How- 
ever, if the 0 left wattmeter is treated as a 
nondirectional or arithmetic instrument 
(like the ammeter), mental compatability is 
achieved. 

We have no comment concerning the 
recommendation that a new term ‘“‘quad- 
ergy’’ be added to engineering parlance to 
designate the concept that there is a 
quadrature quantity analogous to energy 
which flows from one part of a system to 
another. We do not feel the need for the 
term, but if others do we can see no harm 
that could result from its adoption. 

We do, however, strongly recommend that 
the Subcommittee reconsider its recom- 
mendations with regard to varmeter mark- 
ing in view of the argument herein pre- 
sented, 


H. B. Smith (Niagara Mohawk Power Cor- 
portation, Buffalo, N. Y.): In order to make 
my position clear at the start, I shall state 
that with respect to this report, I am a 
dissenter. 

My first experience with the confusion 
and errors that may result from most 
meter-marking systems (including the one 
recommended in this report) was in early 
1932. A system-wide power flow and volt- 
age survey had been made, and I was asked 
to assemble and correlate the readings. I 
finally had to give up. The ambiguities and 
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Figure 3(B). Underexcited generator feeding 

active power into the bus and taking reactive 
power from the bus 


confusion in the readings due to local ground 
rules, and so forth, regarding ‘‘In and Out,” 
“Plus and Minus,” and other markings, 
made the survey worthless. As a remedy I 
proposed a method of standardization of 
kilowatt, reactive kilovolt-ampere, and 
power factor designations and applications. 
This standardization was adopted by operat- 
ing companies of Niagara Hudson late in 
1932, and was presented to the profession as 
part of an AIEE paper by J. A. Johnson. 

Briefly, this standardization had two im- 
portant concepts: 

1. We can and should deal with only one 
kind of reactive power. 

2. All power and reactive power flow 
should be indicated, transmitted, or re- 
corded as a flow between two points. 

This standardization is demonstrated 
most easily and quickly by Figures 7 and 8 
of this discussion. 

It will be noted that in (A) the meter 
view, (B) the oral reading, (C) the log 
sheet recording, and (D) the flow diagram, 
the power and reactive power appears as a 
flow between the two terminals of the 
circuit under consideration, and the names 
of these terminals are given. It is not 
necessary to use or remember any rules re- 
garding reference points. 

Figure 8 of this discussion shows how this 
method of standardization can be applied to 
power factor meters (including the 4- 
quadrant power factor meter). A power 
factor meter really indicates direction of 
flow of vars, besides giving the ratio of watts 
to volt-amperes. 

This standardization works, as would any 
standardization, if correctly and consistently 
applied. The advantage of this standardiza- 
tion over the one recommended in the Sub- 
committee Report is that it does not require 
the memorizing of any rules regarding 
reference points, and so forth, thus there is 
much less possibility of errors and confusion. 
It is a standard that can be applied uni- 
versally and consistently. 

From the Subcommittee Report it appears 
that the main reason for the recommenda- 
tion is that it is the system already in use by 
the majority of operating companies. 

In my mind there is little justification in 
recommending a standard simply because it 
agrees with present practice of a majority of 

- companies. The majority can be wrong. 
Furthermore, as I see it, the Subcommittee 
Report makes no recommendation regarding 
retaining or eliminating ‘‘Lead”’ or ‘‘Lag’’ 
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Figure 4(A). Overexcited synchronous con- 
denser feeding reactive power in the bus 
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Figure 5(A). Incoming line supplying a bus 
which in turn supplies an inductive load 
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Figure 6 (A). Outgoing or radial line sup- 
plying an inductive load 


markings on varmeters and related instru- 
ments (power factor meters). Such a recom- 
mendation is decidedly within the scope of 
the title of the Subcommittee. In fact, the 
recommendation of standardizing on ‘‘In” 
and ‘‘Out’’ for varmeter marking is incom- 
plete until it also is recommended that one 
kind of vars be standardized upon (as in the 
Niagara Mohawk standardization). It 
follows, then, that the kind of vars (‘‘Lead”’ 
or ‘‘Lag’’) to be standardized upon must be 
recommended also, 

I should like to propose that the AIEE 
adopt a standardized method of marking 
and dealing with reactive power and asso- 
ciated instruments, as shown in Figures 7 
and 8 of this discussion. 

Referring to the second sentence in the 
AIEE Subcommittee Report entitled ‘‘The 
Sign of Reactive Power,’’? this standardiza- 
tion .. . “‘provides definiteness in technical 
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Figure 4(B). Underexcited synchronous con- 
denser taking reactive power from the bus 
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Figure 5 (B). Incoming line supplying a bus 
which in turn supplies a capacitive load 
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Figure 6 (B). Outgoing or radial line sup- 
plying capacitive load 


discussions,. . . in network calculator in- 
vestigations and in recording system power 
readings for dispatching and similar operat- 
ing purposes.” 
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A. E. Knowlton (Electrical World, New 
York, N. Y.): It is evident from the discus- 
sion already presented that there was not 
and is not complete unanimity in the Sub- 
committee’s recommendations concerning 
the “In” and “Out” marking. As I see this 
sentiment it stems from much the same 2- 
alternative status which resulted in diversity 
of opinion about other aspects of algebraic 
signs, phase angles, and reactive power. It 
may be recalled that the standards were even 
reversed after adoption in two such cognate 
segments of the art. For one, the signs or 
lead-lag discrimination of the phase-angle 
of current transformers first was adopted as 
the opposite to that of the voltage trans- 
former, but later it was changed to be the. 
same. For another, the algebraic sign of 
inductive reactive power first was adopted 
as negative and later changed to positive. 
It had to be one or the other, and there was 
ample support at the outset for either al- 
ternative. That did not deter standardiza- 
tion and with it the expectation of ultimate 
uniform conformity. 

This atmosphere surrounds the matter of 
systematic and uniform marking of var- 
meters. The same serious effort to apply the 
present reecmmendations may even. result in 
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later substitution of a different concept. 
If such sentiment for a change prevails, that 
fact in itself will constitute convergence 
toward the unanimity that a standard 
should earn if it is worthy of the name. 


A. B. Craig: Mr. Smith stresses the point 
that ‘‘we can and should deal with only one 
kind of reactive power.” 

Since the introduction of the term ‘‘quad- 
ergy’’ we are dealing with only one kind of 
reactive power. Reactive power is a meas- 
ure of the rate of flow of quadergy, which is 
described as being ‘‘inherently positive, and 
which is assumed to flow out of a properly 
excited source and into an inductive load.” 
With the acceptance of the term “quadergy”’ 
it appears that we have, as Mr. Smith 
recommends, standardized on one kind of 
vars. 

While the original assignment of the Sub- 
comittee was concerned with the “Marking 
of Varmeters and Related Instruments,” it 
was found advisable during the investiga- 
tion to limit the report to the marking of 
varmeters, since the trend seemed to be 
toward the use of this type of meter. 

Messrs. Rowell and Lunge have com- 
mented on the fact that the Subcommittee 
calls attention to the advantages obtained 


1951, VoLumeE 70 


by the use of the station bus as a standard 
reference point. They have pointed out 
some of the disadvantages of this practice. 
The comments of Mr. Bany of the General 
Electric Company are similar. 

It should be noted that the Subcom- 
mittee made no recommendation relative to 
the choice of a reference point. Attention 
was merely called to the advantages to be 
obtained by the use of the station bus. 
Nine companies considered these advantages 
important enough to justify using this 
method. However, as pointed out in the 
discussions, there are some disadvantages to 
be considered, and the final choice of a 
reference point must take into consideration 
all the factors. 

Mr. Nevins of the Philadelphia Electric 
Company, one of the nine companies using 
the bus as a reference in all cases, approved 
of the use of “In” and ‘‘Out”’ markings, but 
believes ‘‘In’’ should be on the right instead 
of on the left of the scale. The practice of this 
company is to consider vars in to the bus as 
positive and vars out as negative. They 
therefore prefer ‘“‘Out’’ readings toward the 
left to indicate a negative quantity and “In” 
readings toward the right to indicate a 
positive quantity. 

Table 1 in the report shows that very few 
companies use ‘‘Plus’”’ and ‘‘Minus’”’ mark- 
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ings on varmeters, and these few are not in 
complete agreement that ‘‘Plus’’ should be 
on the right. Of the companies using ‘‘In” 
and ‘Out,’ 80 per cent have “In” on the 
left. 

Mr. Knowlton of the Electrical World 
points out that the situation has arisen be- 
fore in which there has been a diversity of 
opinion regarding a committee’s recom- 
mendations, but this fact has not prevented 
standardization. 

As he indicates, it is sometimes necessary 
to make an arbitrary decision in these cases, 
so that experience may be obtained in apply- 
ing the reeommended standard, which will 
be helpful in reaching ultimate agreement. 

Summarizing the discussions received, 
there has been one objection to the use of 
“Tn” and ‘Out’? markings, one objection 
to the use of ‘“‘In-O-Out”’ instead of ““Out-O- 
In,” and several objections to calling at- 
tention to the advantages of using the bus as 
a reference in all cases. 

However, all these discussions and com- 
ments, together with any others that may be 
received, will be studied by the members of 
the Subcommittee. If in the opinion of the 
Subcommittee any changes or modifications 
of the report are desirable, recommenda- 
tions to that effect will be made to the In- 
struments and Measurements Committee. 
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Deterioration of Transformer Oil and 


Paper Insulation by Temperatures 


F. J. WOGEL 


FELLOW AIEE 


EVERAL years ago, the question 

arose of overloading transformers for 
short periods of time. This in turn 
brought up the question of insulation de- 
terioration with both temperature and 
time. 

It is a subject which is as old as the 
electrical industry, but nevertheless one 
which has no end. Because it fringes on 
the edge of chemistry and other subjects 
not at the finger tips of the electrical engi- 
neer, it is not understood as well as it 
should be. During the war, materials 
which were not oil. proof. and which ac- 
celerated deterioration, were often used, 
showing that design engineers for some 
manufacturers were not aware of the 
problem. In earlier days this was com- 
mon throughout the industry, as a numbe1 
of materials, impregnants, and varnishes 
were used which accelerated deteriora- 
tion. 

The effect of different materials also is 
affected by the use of inert gas over the 
oil. Since most transformers now are 
either sealed or protected from oxygen, 
this is the most important condition. The 
use of this protection again raised the 
question of the rate of insulation deterio- 
ration with short-time overloads as stated 
before. y 

There have been a number of papers on 
the subject of fairly recent date. One of 
these papers reported a joint investiga- 
tion! which was made because of some 
difference in opinion based on the re- 
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sults of different observers. The results 
of this investigation could lead to con- 
clusions at variance with some previously 
obtained data.”,* In this case, curiosity as 
to the cause was naturally aroused, and to 
satisfy this, the work reported in this 
paper was done. At the same time some 
other questions arose, and these were 
investigated. 

These questions were as follows: if 
air or oxygen is not present, does oil itself 
deteriorate due to temperature and time? 
The belief has been expressed that changes 
would be small. Also, the catalytic na- 
ture of copper is known, so tests with both 
tough pitch and oxygen-free copper were 
made in combination with oil sealed from 
oxygen or air. The effect on the oil of 
silicon steel, with both a common core 
plate enamel, and a so-called ‘‘glass’’ 
coating also was tested. Since the reason 
for the reported differences stated pre- 
viously was perhaps in the papers tested, 
tests were made with manila paper, kraft 
paper, and rag paper under oil. Also, 
varnish treated samples and other com- 
binations were tested. 

The results of the tests indicated that 
some changes took place even in the oil 
alone, but that in some cases it was ac- 
celerated by the presence of other ma- 
terials. There were distinct differences 
due to the materials, as the oxygen free 
copper, “‘glass’”’ covered iron, and kraft or 
rag papers led to the least deterioration. 
It also was noted that the latter papers 
tended to absorb the high power factor 
materials resulting from the oil deteriora- 
tion. 

This reduced the power factor of the 
oil and increased the power factor of the 
paper. The results do not, however, in- 
dicate any changes in the present recom- 
mendations for loading transformers, but 
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do throw some light on the changes which 
take place. 
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Preparation of Samples 


Six of each type sample were prepared, 
three to be aged at 105 degrees centigrade, 
and three to be aged at 120 degrees centi- 
grade. Each sample comprised a 1 by 8 
inch Pyrex test tube into which were 
placed various transformer materials 
covered with a standard type of trans- 
former oil, and which was sealed after 
suitable treatment. 

The types of samples follow: 


1. (a) Untreated kraft paper, 12 strips. 
(b) Untreated manila rope paper, 12 
strips. 
(c) Untreated rag stock paper, 12 strips. 


bo 


. (a) Tough-pitch copper. 
(b) Oxygen-free copper. 


3. Control sample—oil alone. 


4. Kraft paper wrapped around oxygen-free 
copper, tied, dipped in phenolalkyd varnish, 
and baked in accordance with instructions of 
one of the large electrical manufacturers. 


5. (a) Hot-rolled silicon steel, coated with a 
standard core plate enamel; 4 strips. 

(b) Cold-rolled silicon steel, coated with 
glass; 4 strips. 


6. (a) Untreated manila paper and 4 strips 
hot-rolled silicon steel, coated with a stand- 
ard core plate enamel. 

(b) Untreated manila paper and 4 strips 
cold-rolled silicon steel, coated with glass. 


The dimensions, in inches, of the ma- 
terials are: 
Kraft and manila papers—1/2X 100.003 
Rag stock paper—1/2X 100.004 
Tough-pitch copper—1/41/4X31/s 
Oxygen-free copper—3/8X1/8X3 
Silicon steel—1/23 0.014 

In preparing the sealed samples, the dry 
material was placed in the open test tube, 
the tube was sealed to an exhaust mani- 
fold and a vacuum of 1/4 inch of mercury 
was applied for 4 hours. Transformer oil 
at room temperature, was allowed to run 
slowly into the evacuated tube. The oil 
adhering to the neck of the tube was 
volatilized, while still under vacuum, by 
application of heat. Dry nitrogen was 
introduced into the tube, and the tube 
was sealed, taking care not to heat the 
oil. 
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SATLET all asilis period OL ONE Year, Ule 
samples were permitted to cool to room 
temperature. Sixty-cycle power factor 
measurements were made on the oil of 
each type sample, using a gradient of 27 
volts per mil. Measurements were made 
at room temperature and at 100 degrees 
centigrade. 

Tensile strength tests were made on 
the paper strips using a 3/8-inch throat 
1 inch long cut in each paper strip. In 
most cases, seven measurements were 


averaged to determine the strength of a 


particular sample. For comparative 
purposes, tensile strength was measured 
on oil soaked paper strips which were not 
aged. Some samples were tested in ac- 
.cordance with the American Society of 
Testing Materials’ tentative method of 
test, D-663-44T 4 


Results of Tests 


The results of the tests on the oil alone 
are given in Table I. The results of the 
tests indicate a definite change in the 
molecular structure of the oil, due to the 
change in power factor. It is to be noted 
that there was little change in acidity, 
and little change in oil color. 


Table I. Oil Only 


Sample Aged 
Test Original at 105° C 

JA5 GUL An ep oop Oe 0.035 .. 0.04 
Power factor—room temp.. .0.0007 ...0.0032 
Power factor—100° C...... 0.00125... .0.0066 
Power factor—room temp. 

TEST CU) (a 0.0027 
MES IEPECRM CRNA M Sus a /a/ais s)<larkvsrs e-c:e ace are No change 


Table Il. Oil with Tough Pitch Copper 


Sample 
Sample Aged Aged at 
Test at 105° C 120° C 
PICAGIUY!S «10/50. 010\0.5 Deaartccsmall s ..small* 
Power factor— 

Toomi temp............. 0.0123 . 0.068 
Power factor—100° C..... 0.153-0.195..0.245 
a little change. . yellowed 

slightly 


* Less than 0.03. 


Sample Aged Sample Aged 


Test Original at 105° C at 120° C 
Oil power factor=-roopa temps. 100 sleasices ick wires bere es OOOO: Oe cca iene 0.0085—0.0019 
Oilipp wer idetor=—LOO" (Ck Sate ated ara aysteonls: 24.08 a5 0.5 Ce aire cay QFOOTO. we aisaeidewtence 0.0016 
Tensile strength of paper, lbs............ UG Pa oars coer mete 1 |) a ene rae or 2 
OU COLOR Tia acon ee aaron eet eie cha G8 wlecdr eld wets eR UAY alee rae gla ala eases little change svc. «050% yellow 
Paper color—room temp........,.....+. IDG ot advectera ds sie' oe LC: 1 Uae at sme ork. ee eke nearly black 
Paper power factor.) os j0ce. sags stern esas 0.005 approx.......... QSO245) @ 7 ittnsnatacus 0.573 

Table V. Oil and Untreated Manila Paper 
Sample Aged Sample Aged 

Test Original at 105° C at 120° C 
Orcas rte ep ee eS Te See aie dale re Se ee OBS Vee 0.59 
Oil power factor—room Cem Posie cicc ys sie6.s e8i0 08 ale a aieueinares O00 tan ica teas! ore 0.025-0.0123* 
Olina werstactor—— NG Sy. tovieve: oe asadsne.o,acaal sie viatensptialahers ares USC Uy Geass pe ae 0.0032 
Tensile strength of paper, lbs........... ZO ver ha tet eee 2 2.3 
GOL OEFOMNE “Srararays nc scalisliedalete: 3S sce ate jels'e via aa feravela ela ecannle a RIE fad little change. ......... discolored and cloudy 
GGIOFIPRDED ip aes arorieein aise Alvts einen asians VOMOW « cisied +a bak DCSEly DIACK | cneceece.s black 
PeAWetO Omer aC COL scien ter verse eciehey aoa aceessuscer vars ecaumaailerd wii wefese Ore ae” Fares cr. eitistinche 0.542 


* When the sample was opened, the oil bubbled and emitted an odor of charred paper. 
of the oil changed, and even decreased with heating to 100 degrees centigrade. 
same sample, after cooling, decreased ultimately to 0.01 per cent. 


The power factor 
The power factor of the 


Table VI. Oil and Rag Paper 


= 


Sample Aged 


Test Original at 105° C Sample Aged at 120° C* 
RHP OCIOIESS arr calens ee Y avidin LEB eis ine ys saa lwialhele Gales ints OS OGTEW os Geet 0.36 
Onl power factor TOO mM teMIp Ae iyo cl eleroiel Uke te ie) e's wye ysis oe vara OFOOOW eee 0.0001 
Ot power factor—-lOO® (Coa scclarare-ayays Wer pieretelardcthetel s.0 eis oietepeye 0.0011 : 0.0014 
Tensile strength of paper, Ibs......... PED ere iret ete Bier. heh cise 5.7 
GSOloGt Oil as a core rescore ep Monet cua oho Srateh cpt shes crspurets iets la AeT vaciocera Raye little change....... little change—fairly clear 
Color Papelnns s a sic cyecselsse ow eew eae ster OP os i Rts tit Cary glee eRe nearly black 
Paneripower Tactor ciiiic.ss cs eh laze tiene 0.005.approx......+.. 0.0125 


* The sample aged at 120 degrees centigrade had an odor of charred paper when opened. 


Table VII. Oil and Silicon Steel and Core Plate Enamel 
Test Sample Aged at 105° C Sample Aged at 120° C 
Oil power factor—room temp.................. ONOOOSZ tale hic copeianctebere subi ord 0.0023 
Orlipower factor—TO02 (Cs ais ive esie wanna’ «.0ree's OL OUSSY © artic ntnate care cer 0.037 to 0.0017 after 
16 hours 
(Gye) Fey aroha tt cache Be ora tacceet SRIETE AEM CREATING CRD Dittle changes. vsi sc sieey arvbn es little change—sour smell 


Table Vill. Oil and Glass-Coated Silicon Steel 


= —- 


Sample Aged 


Sample Aged at 105° C at 120° C 
Test (A) (B) (A) (B) 
Oil power factor—room temp................ O20066. en 0.0041-0.0011........ 0.0005...... 0.0469 
Oil-power factor—LO0Ri Cre ccs aloha sia e ene STE cits OLOS0O%. so ces COVE Tass. 0.0044 
Oilicooled to Kool iEem Dias bers OUTS ia ayers dateies 8 oVhlal's -0 <y'o:c) p ehaun a ape mbes. inlrelousre nan Sis) bis eumiara fa ciTurnln «) C0 « 0.0001 
Golanioiiter- parte seeds hs aera tiny eaveer ea) o.> cr auaitala Nochanger~ 9) Vices ssc No change 


(A) and (B) refer to two separate samples. 
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Table IX. Oil, Silicon Steel and Core Plate Enamel, and Untreated Manila Paper 


Table Ill. Oil with Oxygen—Free Copper 
ma Test Sample Aged at 105° C Sample Aged at 120° C 
Sample Sample 
Aged at Aged at 
Test 105° C 120° C (Ore GTN oo RmboRe SORE ODO OOM COE TAPE Sal a Pearlstein 0.28 
Oil power factor—room temp................ OQ OOOS id Sabra cte 0.0603 
Oilspower factor—T00 84 wie oh epantioresesao sss ols L022 ons 0.0028 
BEEA SY ete lg ais.+ oie :e0.0 + oy 0.03 . 0.03 Oil power factor—cooled to room temp...........c cere eer eeecrerece 0.0004 after 16 hours 
Power factor—room Tensile strength of paper, Ibs..............05 7 een FO. rin G 2.2 
OAS ee ..0.0076 . 0.044 C375) Gy iC) Uo GIR ICER CIARA PORERCEE REE CLO UERRL ESE ORT badly yellowed........ yellow and much sediment 
Power factor—100° C. .0.134-0.154..0.144 Colorspaper and Steel ie cc scrrrstsaretererele eicreiatns both darkened........ both black; oil frothed when opened; 
NS) little change. . little change charred odor 
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Table X. Oil, Silicon Steel with Glass Coating and Untreated Manila Paper Table XII. Oil and Black Treated jlape 
le Aged at 105° C Sample Aged at 120° C Sample 
Be: me 8 Z . Aged at Sample Aged 
Test 105° C at 120° C 
OM ACIOTES .aeye nit trie ot teres Ruck ee eas (ORO # SE iarendetosconntss 0.45 
Oil power factor—room temp............... ON 0003 a areritiee areata 0.0016—0.0009 after 1 hour =e 
Oil power factor—100° C..... ccc cere nes OLO0TOm © Oeste chante 0.0024 ACIdIEY. 0. cise sissies ease O78 ir 1.15 
Tensile strength of paper, lbs.............-.. DFS ie sup ocad ae oO D 1.9 Power factor— : ’ 
(Or) Ves iat Re neg AP OBIS IanO A rao OO tO slightly yellows nce aise ae yellow room temps .c 6 esine 0.52 .. practically unity 
Color paper and! steelle-2 2)... sntairets eterna nes paper darkened 9.0.5 acts wie black OIUNCOlOr ss aso wieneeerens black. . black 
Steel lack iirc jsie sl spn-e oteleieretete oil frothed when opened 


Table XI. Oil, Oxygen Free Copper, Synthetic Varnish on Kraft Paper 
Test Sample Aged at 105° C Sample Aged at 120° C 
NCICICY crass cain ale treteimte ei steystalete ORS5: 9 07 a etenretrats 1.06 
Power tactor—room temp....... Os020T © Wityeentes 0.0167 
Power factor—100° C.......... OOS64 5 9) ieee 0.0302 
Oilvconditiows erie steels hese yellow and sediment....... yellow, much sediment; charred paper odor 


The test results on oil with tough- 
pitch copper and oxygen free copper are 
shown in Tables II and III. The pres- 
ence of the copper, even when oxygen 
free, resulted in a considerable increase in 
power factor. The acidity, in both cases, 
was little changed. 

The test results with the untreated 
papers are given in Tables IV, V, and 
VI. Note that the power factor of the 
oil after the test changed with exposure 
to air, the higher values given being 
values obtained soon after opening the 
samples, and the latter after approxi- 
mately 16 hours exposure. Evidently 
some of the deterioration products were 
highly volatile, and the paper absorbed 
the high power factor materials. 

It is of interest that the kraft and rag 
papers seemed much more stable than the 
manila paper. The presence of any paper 
seemed to reduce the power factor of the 
oil, but increased acidity, as indicated by 
Table I. 

It is very apparent that the tests made 
using manila paper showed markedly in- 
creased acidity and power factor over 
those using the rag paper. 

Since the co-operative tests, previously 
referred to, used manila paper only, it is 
seen that they are not representative of 
what might happen with transformers 
using some rag and kraft materials. It 
also is believed that it would be advanta- 
geous to remove the volatile deterioration 
products, particularly those produced by 
the manila paper, during operation. 

The series of tests made with steel, and 
steel and manila paper are given in Tables 
VII, VIII, IX, and X. In these tests, it 
still appears that the effect of the steel and 
coatings is to create a volatile material 
resulting in the high values of power 
factor which decrease markedly on ex- 
posure to air. They also show that the 
deterioration was affected greatest by the 
core plate enamel, and the products caus- 
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ing the high power factor were eliminated 
by heating or exposure to the atmos- 
phere. 

The results of the tests using impreg- 
nating materials are shown in Tables XI 
and XII. 

The treated paper was extremely brit- 
tle, showing very little strength. 


Discussion and Conclusions 


Even without the presence of oxygen, 
some change in the oil was indicated by 
the change in power factor of the oil. 
This also occurred in the presence of 
copper, iron, and the glass coating. 

The papers seemed to absorb some of 
this high power factor material from the 
oil. The oil then remained with a low 
power factor and the power factor of the 
paper increased tremendously. It was 
noted that deterioration products causing 
the high power factors seemed to be 
volatile, as the power factors of the oil 
decreased with exposure to air. 

As in the previous tests, the paper was 
found to be very brittle. Higher strength 
values after test than given here were re- 
ported before,! but the length of samples 
were shorter in these tests and it was more 
difficult to avoid clamping difficulties in 
the tensile strength tests. 

It is to be noted that both the kraft 
and rag papers resist heat much better 
than manila paper. It is believed that 
new manila paper has a little stretch, and 
this enables it to be taped on rectangular 
conductors faster and with less breakage. 
However, transformers use the kraft and 
tag materials where the heating is less, and 
the manila directly against hot copper. 

It seems that the presence of the var- 
nishes or enamels affect the oil adversely. 
In the case of the steel core plate enamel, 
sediment, gas and discoloration were pro- 
duced. This also occurred with the 
phenol-alkyd varnish, which was repre- 
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sented as being an oilproof and satisfac- 
tory varnish for transformer impregna- 
tion. The test on the black treated tape 
was included because even though it is not 
usually claimed to be oilproof, it is some- 
times used even today. 


ee 


It is interesting that there are two other ~ 


papers reporting tests on transformer as- 
semblies.»® In the case of one of these,® 
it is believed that these tests form a rough 
explanation of why some of the results 
took place. In the case of the other ref- 
erence,® the statement that the condition 
of the oil is affected by the materials used 
and that in turn the materials are af- 
fected by the oil could be inferred, and is 
confirmed by the results of these tests. 
Since the oil deterioration or change may 
not be wholly one of oxidation, one might 
be led to question the effect of inhibitors, 
as raised in the latter paper.6 The best 
idea might be to prevent oxidation, and 
remove the deterioration products evi- 
dently produced by the oil and paper. 

When this work was started, it was 
thought that it might have some applica- 
tion to the previous work on transformer 
insulation life. As a result of it, the 
authors believe the mathematical and ex- 
perimental foundations are not too well 
founded, but that the recommendations 
as made and used are satisfactory in 
giving usable results. More care in the 
selection of materials and in the removal 
of deterioration products will lead to 
longer transformer life. 
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Discussion 


W. W. Satterlee (Westinghouse Electric 
Corporation, Sharon, Pa.): The authors 
have presented an interesting subject and 
one which, as they state, seems to have no 
end. This in itself is a good point since, 
should an end come to investigations of this 
kind, an end also would come to the im- 
provement of the equipment to which these 
Ue rcaehohs are directed. 

While World War II did make it neces- 
sary to use many substitute materials, and 
this condition seems to be rapidly coming 
again, it is believed that the use of other 
than oil-proof materials was not caused by 
a lack of a knowledge of the problem, but 
rather by the necessity of using the best ma- 
terials available. 

Although the authors state that most 
transformers now are either sealed or pro- 
tected from oxygen, it should be realized 
that sealed transformers are effectively pro- 
tected from oxygen. 

It is well known that the deterioration of 
oil is accelerated, especially at elevated 
temperatures, by the presence of some in- 
sulating materials and by some varnishes 
used in the construction of transformers. 
It is reasonable to believe that some im- 
purities may act as inhibitors. 

As the paper states, some changes took 
place in oil alone, but the changes were ac- 
celerated by the presence of other materials. 
Also, as might be expected oxygen-free 
copper, glass-coated core steel, and kraft 
and rag papers led to the least deterioration. 
Probably one reason for this is because such 
materials are relatively free of soluble im- 
purities. It is realized that the behavior of 
these materials would be quite different if 
air were present. 

While the tests made are strictly of a 
laboratory nature, the following comments 
seem evident. Can the results obtained be 
expected to represent or to be comparable to 
actual conditions of operation? Was the 
degree to which the test tubes were evacu- 
ated sufficient to clear them of oxygen? 
In evacuating the tubes to 1/4-inch of mer- 
cury, it seems that there might have been 
sufficient oxygen remaining to catise some 
of the changes noted, particularly in the 
eases of oil alone. It would seem that the 
acidity of 0.035 as given for the original or 
new oil in Table I of the paper is high; 
that it should have been more of the order of 
0002. In the conclusions, the authors cite an 
earlier study (see, reference 5 of the paper), 
and state: “It is believed that these tests 
form a rough explanation of why some of the 
results took place.’’ This is probably true, 
but it was, in general, well known before the 
tests referred to in the 1949 paper were 
started. Two purposes of the tests covered 
in that paper are to learn to what degree the 
deterioration of oil and insulating materials 
occurs, and how well the different types of 
oil and insulation protection function. 


21951, Votume 70 


Regarding inhibitors, I do not believe 
that the results shown in the present paper 
indicate that the use of inhibitors might not 
be beneficial. 

I agree that in the design and operation of 
modern transformers, it is best to prevent 
oxidation and to remove the products of de- 
terioration which are formed gradually by 
the slow decomposition of insulating ma- 
terials. Thermosiphon filters will perform 
this function. 

With reference to statements in the last 
paragraph of the paper, it is evident that the 
work described is related to previous work 
on the life of insulation, and that the selec- 
tion of materials and the removal of dete- 
riorating products do lead to longer trans- 
former life. 


P. L. Bellaschi (Consulting Engineer, 
Portland, Oreg.): In the face of the current 
emergency, fullest utilization of all equip- 
ment again is becoming a matter of pressing 
necessity and good economics alike. The 
problem is one of utilizing the equipment 
effectively up to maximum load capability 
without encroaching disadvantageously on 
the inherent economic life of the equipment, 
taking advantage fully of present-day de- 
sign and of developments and findings dur- 
ing the past decade. 

A first requirement to fulfill in order to 
operate modern transformers at higher tem- 
peratures obviously is to exclude the oxygen 
and moisture in the atmosphere from the 
oil and insulation. This can be accom- 
plished readily by such well-known pre- 
ventive measures as complete sealing of the 
transformer tank, the use of an inert (nitro- 
gen) gas, or other similar measures. 

Sustained operating temperatures of the 
copper in the winding in excess of 120 de- 
grees centigrade almost certainly will result 
in material thermal decomposition of the 
cellulose insulation adjacent to the winding, 
such as the turn-to-turn insulation. On the 
other hand, studies conducted on insulation 
as such and on complete transformers at 
temperatures well up to 105 degrees centi- 
grade point definitely to the feasibility of 
good economic life of the insulation at these 
temperatures, more so when residues origi- 
nally present in the insulation body or liber- 
ated as the result of operating at the higher 
temperatures are given ample opportunity 
to escape from the insulation subject to the 
higher temperatures and to become absorbed 
elsewhere. The removal of these residue 
products and the continuous purification of 
the insulation by such means as thermo- 
siphon filter circulation of the oil through 
activated clay or alumina—in combination 
with inhibitors if need be—will permit the 
operation of modern transformers at tem- 
peratures above levels now recognized in the 
present operating guides. 

Through these or other equally effective 
measures, the possibility of operating trans- 
formers continuously or for long periods of 


time at temperatures estimated at least 5 
degrees centigrade above present so-called 
normal 95 degrees centigrade hottest-spot 
copper, appear feasible and economical. 
Other current-carrying parts, such as leads, 
bushings, and tap-changing equipment, all 
will require proper proportioning if full ad- 
vantage is to be taken of the increased load 
capability available in the transformer 
proper. 

The proposal outlined essentially is to 
liberalize the present operating guides in 
view of the critical situation, taking the full- 
est advantage of the inherently better load 
capability obtainable from transformers of 
modern design. No change in the standards 
proper is proposed here. By such measures, 
it is estimated that for the same equipment 
the effective kilovolt-ampere loading can be 
increased at least 5 per cent with a corre- 
sponding, if not greater, saving in critical 
materials such as copper, iron, oil, and in- 
sulation. 


F. J. Vogel: We wish to thank Messrs. 
Satterlee and Bellaschi for their discussions. 

The use of materials which are not oil- 
proof may have been caused by the lack of 
materials, but in some cases it resulted from 
errors in choice. 

Previous tests were made with extreme care 
in the materials used and in the processing. 
In these tests, it was intended to use various 
common materials and also representative 
processing. Transformers when oil-filled 
under vacuum are not commonly evacuated 
to even 1/4 inch of mercury. The oil was 
drawn from a drum supplied by one of the 
manufacturers, and no doubt would have 
been used as received in the field. The 
amount of oxygen left in the oil by the proc- 
essing would have been an extremely small 
percentage. 

With respect to the use of inhibitors, I 
also do not claim that they are proved not 
to be beneficial. I do believe that there is no 
evidence that they are beneficial in the pres- 
ence of usual insulating materials and the 
absence of air. In order to prove the benefit 
of inhibitors under these conditions, tests 
similar to those described in the paper would 
be required, so that a direct comparison 
could be made. Further, I do not believe 
this has been done. I think it should be. 

I have long thought that hottest-spot 
operation at 120 degrees centigrade, with 
proper oil maintenance, might be reason- 
able. Even the increase from 95 degrees 
centigrade normal hottest spot to 100 de- 
grees centigrade perhaps would be accept- 
able. The use of the word “normal’’ is as- 
sumed to put the average ambient at 30 de- 
grees centigrade and permit ambients to be 
at 40 degrees centigrade at times. Extra 
cooling is very cheap, and it is possible to 
gain more in many cases by additional fans, 
radiators, forced cooling, and similar de- 
vices. 
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Tables of Green's Functions, Fourier 


Series, and Impulse Functions for 


Rectangular Co-ordinate Systems 


J. J. SMITH 


MEMBER AIEE 


| beer of Green’s functions, Fourier 
series, and impulse functions are 
given in this paper. They have been 
prepared to materially reduce the work in 
solving partial differential equations en- 
countered in engineering and physics. 
They allow us to solve such equations by 
obtaining results directly from these 
tables which can be used in a similar way 
to tables of integrals. 

The Green’s function,’? which is the 
potential due to a single point charge 
within a given space with assigned condi- 
tions on the boundaries of the space, is 
used as the fundamental solution con- 
nected with that space. This is due to the 
fact that when the Green’s function for 
any space is known, the solution for 
other conditions usually encountered can 
generally be found by the use of auxiliary 
theorems. This makes it possible to 
avoid the necessity of solving the dif- 
ferential equation itself for different 
types of conditions, as is commonly done 
in textbooks at the present time. This 
crystallization of the solution into a 
single function, the Green’s function, to- 
gether with the ensuing possibility that 
such results may be tabulated fairly 
simply, results in a great economy of 
labor in connection with the solution of 
such partial differential equations. 

Fourier series are, of course, connected 
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closely with the solution of partial dif- 
ferential equations, so it is natural to ex- 
pect that the quantities which have been 
tabulated for the Green’s function also 
should be available for use as a tabulation 
for Fourier series. As will be noted from 
the tables, the same fundamental ex- 
pression serves in both cases.* 

With regard to impulse functions,® 
these have been coming into use in the 
literature for quite a long time and have 
been used by many authors. They are 
not recognized as functions by the mathe- 
maticians at the present time. They are 
extremely useful because although they 
may appear very complex as mathema- 
tical expressions, they represent an ex- 
tremely simple physical concept which is 
that their value is zero at all points ex- 
cept the point at which there is an im- 
pulse. Thus, the integral of the impulse 
function between any two points, (1) 
which do not include this impulse is zero, 
and (2) which do include the impulse is 
unity. 

As would be expected, they are 
very closely allied to Fourier series and 
also to Green’s functions. Thus the ex- 
pressions already worked out for the 
Green’s functions may be directly used 
for tabulation of impulse functions. 


Note: Possibly, it would be a more correct use of 
terminology to call the series tabulated ‘‘trigono- 
metrical series’’ since the term Fourier series seems 
to be reserved for series of sines and cosines when 
the harmonics are integral multiples of the funda- 
mental. However, since later tables will include 
series of Bessel’s functions and Legendre functions, 
some title is needed to include all of these in one 
expression, it would appear that perhaps the best 
title to use for all of these series is the general one 
of Fourier series, although the terminology may not 
be in agreement with that presently used. 
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re 


EXPLANATION OF METHOD 


These tables are based on a paper by 
the author‘ and may readily be checked 
by substituting appropriate sine and 
cosine functions in the formulas given in 
that paper. The tables only cover ap- 
plications to rectangular co-ordinates. 
While tables covering both cylindrical 
and spherical co-ordinates have been pre- 
pared, lack of space prohibits their in- 
clusion at the present time. It is hoped 
to publish them later. 

The results in this paper are presented 
in the following order: 


(a). Green’s function due to steady state 
plane, line, and point source in 1, 2, and 3 
dimensions respectively in sections I to III. 
(b). Green’s function due to instantaneous 
plane, line, and point source in 1, 2, and 3 
dimensions respectively in sections IV to VI. 
(c). Fourier series for f(x) in terms of sin apx 
and cos apx with given linear conditions at 
each end of interval in section VII. 

(d). Impulse functions in terms of sin apx 
and cos apx with given linear conditions at 
each end of interval in section VIII. 

(e). The results in (a), (b), (c), and (d) 
above are given in terms of quantities desig- 
nated Xip, Xip*, Vig... The values of 
these symbols and a statement of what these 
symbols mean will be found in the section 
entitled “Equations for Finding the Values of 
Xip, Xp", Vig eee Pa 

(f). A brief reference to some theorems for 
deriving from the Green’s function (tabu- 
lated. here) the solution of other problems is 
given in Appendix I. 

(g). A few brief examples of the use of these 
tables in specific problems are given in 
Appendix IT, 


I. Green’s Function Steady State 
One Dimension 


A steady-state plane source Q is placed 


at the point x; in the space whose bound- | 


aries are given by x=h, x=), The con- 
dition (cond.) at the boundaries is given 
by equations of the type 0v/On+hv=0. 
The resulting potential v is given below. 


£ 


THE DIFFERENTIAL EQUATIONS AND 
BOUNDARY CONDITIONS ARE AS 
FOLLows: 


ran 


with condition at x=1,, p=0 when x#x 


n) a odie = 
(10), v, Or asf) and z,—0 pdx =Q 
hi 


\4 
ot if 4=— ©, v=0, and ,>h,, 
condition at x=/,, 


solution: 


v=£00X1p* (condition at x =, condition at 


(i042), v, or 20 as) 


Sy where a,?=0. 
or if ,= ©, v=0, 


This solution may seem more com- 
plicated than necessary since it involves 
the limiting process of putting a,=0. 


and Limit» =Limitv 
x=%+ 0 x=x,—0 


II. Green’s Function Steady State Two Dimensions 


These equations. have~ the. following 


To avoid this, however, would require 
adding new symbols which does not seem 
necessary. 

As an illustration the potential due to a 
plane source Q at x, where the boundary 
conditions are v=0 at x=/, and Ov/Ox=0 
at x=/, is found to be 


v=go0 Lim X*1p (v, Ov/dx) 
a0 


v=goQ[(x—h){1—H(x, x1) ]+ 
(m—h)A(x, x1) ] 


A steady-state line source Q is placed at the point x, y: in the space whose boundaries are given by x=h, x=h, y=m, 
y=m:. The condition at the boundaries is given by equations of the type 6v/6n+hv=0. The resulting potential v is given 


below. 
The differential equations and boundary conditions are as follows: 


0*0/0x?+-0v/Oy? = gop 


with 

Condition at x=h, (hwv— 6v/6x), v, or 6v/5x =0, or if ;=— ~, v=0 

Condition at x=l2, (hov+6v/d5x), v, or 6u/dx=0, or if p= ©, v=0 Wheres t) 
Condition at y=m, (hyv— 6v/5y), v, or 5v/5y =0, or if m=— ~, v=0 


Condition at y=mp, (hyv+du/dy), v, or 6v/6y=0, or if m= ©, ee where {i> #1) 


Limit v = Limit v; Limit v = Limit v 
x=m+0 x=m—-0 y=nt0 y=n—-0 


p=0 when «4m, y¥#y and of Rate fe 


+0 


_» pdx dy=Q 


These equations have the following solutions: 


v=go0X1p (cond. at x=h, cond. at x=) Yig* (cond. at y=m, cond. at y=mz) 
where By?=ay? or 

v=200X1p* (cond. at x=1,, cond. at x=) Vig (cond. at y=m,, cond. at y=mz) 
where apy*=8,? or the double summation form 


pee ey (cond. at x=), cond. atx=h) Vig (cond. at y=m,, cond. at y=mz) 


ap? + By? 


III. Green’s, Function Steady State Three Dimensions 
| 


A steady-state point source Q is placed at the point Xi, Vay 2 in the space whose boundaries are given by x=h, x=l, y=m1, 
y= m2, 2=,2=Mn2. The condition at the boundaries is given by equations of the type 6v/5n+hv=0. The resulting potential 


v is given below. 
The differential equations and boundary conditions are as follows: 

077 /0x*?-+070/Oy? +070 /dz? = gop 

Condition at x =/,, (hv—dv/dx), v, or Ov/dOx =0, or if h=— ~, v=0 

Condition at «=k, (nv-+0v/dx), v, or 0v/Ox=0, or if= ©, 7=0 

Condition at y=m,, (hyv—0Ov/Oy), v, or 0v/dy=0, or if m=— ©, v=0 

Condition at y=m, (h4v+0v/dy), v, or 0v/Oy=0, or if m= ©, v=0 


Condition at z=, (h;sv—0v/dz), v, or 0v/0z=0, or if m= — ~, v=0 
Condition at z=, (he6v-+0u/dz), v, or 0v/dz =0, or if w= ©, v=0 


; where (/,>1,) 
where (m>m) 
where m2>n 
Limit vy = Limit v; Limit v = Limit v; Limit » = Limit v 
%=m%t+0 x=m-0 y=nt0 y=n—-0 z=ut+0 2z=2-0 

2 +0 


p=0 when «4x, yy, 22 and bys picid Of HS pdx dy dz=Q 


These equations have the eee solutions: 


¥=g00X1y (cond. at x=h, cond. atx=h) YVig (cond. at y=m, cond. at y=m2) Ziy* (cond. at z=m, cond. at z=72) 


where yz? =ap?+ 6,?, or 


. ow 
v=go0X1p (cond. at x=h, cond. atx=h) YVig* (cond. at y=my, cond. at y=m:) Zi, (cond. at z=m, cond. at z=mn,) // 


where By? =ap?+ yu”, or 
v=go0Xip* (cond. at x=h, cond. at x=) Vig (cond. at y=m, cond. at y=mz) Zin (cond. at z=m, cond. at z=m2) 


where ap?=6,?+ yx2, or the triple summation form 


v ate (cond. at x=h, cond. atx~=k) Vig (cond. at y=m, cond. at y=m2) Zi, (cond. at z=m, cond. at z=m) 
Ap q Yu 
IV. Green’s Function Instantaneous Source One Dimension ve 


An instantaneous plane source Q; at the time 4 is placed at the point x in the space whose boundaries are x=h, x=h. 
The conditions at the boundaries are given by the equations of the type 0v/On+hv=0. The resulting potential v is given for 
the following cases: Case I. Conditions corresponding to the heat equation. Case II. Conditions corresponding to the 
wave equation in a dissipative medium. Case III. Conditions corresponding to the wave equation in a nondissipative 
medium. 

The differential equations and boundary conditions are as follows: 


020 /Ox? = g,0v/Ot+ gopi Case I 
070/0x? = £207 /Ot?-+ g10v/Ot+ gopi Case II 
020 /Ox? = 9007 /OE2+ gopi Case III 
Condition at x=h, (v—Ov/dx), v, or 0v/Ox =O, or if hL=—o,v=0 (b>h) 
Condition at x=h, (gv-+0v/0x), v, or Ov/Ox=0, orifh= ~,7=0 
apie maak ay and p;=0 when x#x, and th. 
nee fee pidxdt =Q, and v=0 when f<h. 

These equations have the following solutions: 
v= g0Q:1X1p (cond. at x=h, cond. at x =/,)T where 
T =~ OP —4)/ F(t, h)/e1 Case I 
T =e Mh) /202 sin [(t— th) { goeep?— 12/4} /2/go H(t, th)/[geap?— g:2/4]'”? Case II 
T=sin [ap(t—h)/go'/*)H(t, t)/apge'/? Case III 


‘VY. Green’s Function Instantaneous Source Two Dimensions 


An instantaneous line source Q; at the time #; is placed at the point «, y; in the space whose boundaries are x=h, x=/2, 
y=m, y=m:. The conditions at the boundaries are given by equations of the type 0v/On+hv=0. The resulting potential 
v is given for the following cases: Case I. Conditions corresponding to the heat equation. Case II. Conditions corre- 


sponding to the wave equation in a dissipative medium. Case III. Conditions corresponding to the wave equation in a 
nondissipative medium. 


The differential equations and boundary conditions are as follows: 
070 /dx?+ 20v/dy? = g1d0/Ot+ gop Case I 
07u/0x?-+ 070 /Oy? = £2070 /Ot?+ gidu/dt+ gopr Case II 
0?u/0x?-+ 020/dy? = g202n/Ot2+ gop, Case III 


Condition at «=h, (hv—dv/dx), v, or 0v/dOx =0, or if 1, =— ~, v=0 ) 

Condition at x=h, (Inv+0v/dx), v, or Ov/dx=0, or if k= ©, 7=0 penere (ah) 
Condition at y=m, (hgv—0v/dy), v, or dv/dy=0, or if m=— ©, v=0 

Condition at y=me, (hyv-+dv/dy), v, or d0/dy=0, or if m= o,v=0 whet aa) 
Limit v=Limit v7; Limit v=Limit v 

x=m+0 x=x,-0 y=n+0 y=y1—-0 


and p:\=0 when «#m, y¥1, and t#th, and ieee) Ras hex p, dx dy dt=Qi, and v=0 when t>h. 
These equations have the following solutions: 


v=go0iXip (cond. at x=h, cond. atx=k) Vig (cond. at y=m, cond, at y=m2)T 


where 

T =~ (a9? +B0?)(¢—4)/n 774, t,)/g Case I 
Te WM@ “0% sin [(t—tr) { gal xp? + Bg?) — 12/4} /*/ga H(t, th)/ [gol oop ®-+ By?) — g12/4]'/2 Case Ir | 
T =sin [(t—t)(ap?+ By?) /*/g2'/?}A(t, th) / [ga ap? + By?) ]'/? Case III | 
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VI. 


X=], Y=M, Y= Me, B=M, 2= No. 


equation in a nondissipative medium. 


070/0x?+070/Oy?+02v/dz? = gdv/Ot+ gopr 


0°v/0x?+-070/Oy? 070/02 = g2070/Ot?+ gopr 


Limit v; 
y=n—0 


= Timitv; Limits = 
x=m-O0 y=yt+0 


Limit v 
x=x+0 


v=g001X1p (cond. at x=, cond. at x =)) 
T =€~ (an? + Ba? yu?) ($41) /0 F(t, t,)/g 


VII. Fourier Series 


Expansions of f(x) in sin a,x and cos 
Ox with given linear relations at each end 
of the interval 


lg 
ssf F(X ao — , hv = Nae 
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rom ff fe Xho, s)e 
4 ox 
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dv O 
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ov 
se= f foun hate ae 
ly 
if po fo S(%1)Xip(v, v)dx; 
Ov 
sof HeXy(, & a 
pena 04 Nae, 
ie Pay 
j f(x)= nti +) 
 fe)= =f sload%io( Nas 
we)= ff fad ho—S, > Jas 


~ 1951, VotumeE 70 


f(x) = 


resulting potential v is given for the following cases: 
Conditions corresponding to the wave equation in a dissipative medium. Case III. 


Condition at x=], (hiv—dv/dx), v, or dv/dx =0, or if h=— ©, v=0 | 
Condition at x=, (hov-+0v/dx), v, or 0v/Ox =0, or if h= 
Condition at y=mu, (hgv—dv/dy), v, or dv/dy =0, or if m=— ©, v=0 } 
Condition at y=mp, (hawv+dv/Ody), v, or 0v/doy=0, or if m= 
Condition at z=, (A;vy—0v/dz), v, or 0v/Oz=0, or if m1. =— ©, v=0 
Condition at z=, (hgv-+0v/0z), v, or Ov/Oz =0, or if m2 = 


pi=0 when x¥m1, y¥u1, 24%, and t#h, and Wiis J hag 


Green’s Function Instantaneous Source Three Dimensions 


Case I. 


The differential equations and boundary conditions are as follows: 
: 


0°u/0x2+070/dy?+020/O2? = g20°v/dt?+ g10v/Ot+ gopr 


Cy where (/2.>/,) 


ped aes f where (m2>m) 


where (#2>m) 


o,v=0 
Limit v = Limit v 
z=n+0 2z=2,—0 


z1+0 


+ 1 
oe ey hed a pidxdydzdt =Q, 


These equations have the following solutions: 


Tae “MG—W)/ sin [(t—t1) { go( xp? + By? + Yu?) — 12/4} /*/ga]HX(t, tr)/ [go ap? + Bg? + Yu?) — 12/4"? 
T=sin [(t—t)(ap?+ Bg?+ yu?) '/*/g2'/* H(t, tr)/ [go ap?+ 8¢?+ yu?) "74 


nef, f(x)Xip(v, © )dxy 
pe= f fled%n( 2, ~ Ja 
ly ox 


p= f(%1)Xip(— ©, ~ dx; 


The terms in the bracket after Xi, in- 
dicate the conditions satisfied by the 
Fourier series at the ends of the interval. 
For instance, Xi,(v, dv/dx) has v=0 at 
*4=1, and, dv/dx=0 at x«=h(,<)). On 
writing out 


ly 
dv 
i reveals Ja 


it will be found to satisfy conditions 
similar to those satisfied by v. 

When v and dy/dx have the same values 
respectively at the ends of the interval 
(—m4<x <7) the corresponding series is 


CIE SY ie feXol (lee 2 Tele 
Fazon fale, 
a aa 9 a 
VIII. Impulse Functions 


Impulse functions in terms of sin a,x 
and cos a,x with given linear relations at 


Smith—Rectangular Co-ordinate Systems 


An instantaneous point source Q; at the time ft; is placed at the point x, 1, 2: in the space whose boundaries are x=h, 
The conditions at the boundaries are given by equations of the type Ov/On+hv=0. The 
Conditions corresponding to the heat equation. 


Case II. 
Conditions corresponding to the wave 


Case I 
Case II 
Case III 


Vig (cond. at y=m, cond. at y=mz) Ziy (cond. at z=m, cond. at z=.)T where 


Case I 
Case II 
Case IIT 


each end of the interval* 


Ov h ee 
Jie 
0 oe 


ro) 
dH(x, m/e =Xiy( ho 2 s) 
Ox 
ov Ov 
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dH(x, x1)/dx =Xu(«, iat) 
20 


dH(x, x) /dx Xiao 


dH(x, x1)/dx =Xu( ho 


dH(x, x1)/dx =X (2, v) 


a 
dH(x, x:)/de =Xu( 222) 
Ox 


Ou 
dH(x, x1)/dx = Xo(% b+) 


* Later studies indicate the desirability of dis- 

tinguishing between these values of dH (x, x)/Hx. 

A suggested notation for the first one is 

H'(«, wi; hy, la; Ripe hav +9") this notation indi- 
ox Ox 


cating that it is the impulse function with respect 
to x with the impulse at m, that it extends over the 
interval /; to J: (ls>/1) and that at x=h it satisfies 


0H’ 


the condition 1 aaa =0 at «=h and 
% 
i} re) H’ . . . 
he 1 eres aed at x=l. The modification of this 
x 


notation for the other equations is obvious. 


ee ‘ 


ov Oo 
dH (x, x1)/dx =X p — =) 
Ox Ox 


fa) 
dH(x, s/s Xo ho -) 
Ox 
dH (x, x:)/dx =X p(v, ©) 


ov 
dH (x, n/de= Xio( 2, «) 
Ox 


dH(x, &1)/dx = X1p( — oo, © ) 


The terms in the bracket after Xi, 
indicate the conditions satisfied by it (the 
impulse function) at the ends of the in- 
terval. 

For instance, Xj)(v, dv/dx) has v=0 
at x=/, and dv/dx=0 at x=ly (ly <x<h,). 
On writing out X,(v, dv/dx) it will be 
found to satisfy conditions with respect 
to x similar to those satisfied by v. 

When v and dv/dx have the same values 
respectively at the ends of the interval 
(—1<x<7m) the corresponding impulse 
function is 


dH(x, n)/de= Xn lol eles 


beret 


These expressions for the 
function have the property 


d 
A dx 


when /;}<a<lb<x,<l; 


o 
dH 1 
if fe) ae, =f) 
a x 


impulse 


when 1; <a<x<b<l 


b 
ni Fee 
= dx 


when 1; <X <a <b <I, 


So that by use of the impulse function, we 
get a more general expression than Fourier 
series which latter corresponds to the 
case u=1, and b=1,. 


IX. Equations for Finding the 
Values of X,,, X,,,* and So Forth 


Notes on the use of these tables 


Symbols: In the solution of the differen- 
tial equation terms such as the following 
will be found: 


Xp (condition at x=), condition at x =/) 


This means that for any given problem 
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x=le(l.>1) and then find the corre- 
sponding value from the table. For in- 
stance, if the condition at x=, is hw— 
dv/dx=0 and the condition at J, is v=0, 
then X1, (condition at x=), condition at 
x=) is simply X1p(mv—dv/dx, v). The 
value of this quantity is found directly in 
the appropriate part of the table. 

In certain cases there will be found in 
the parentheses just a number which does 
not include v. This simply means that at 
the boundary corresponding to this 
number, the boundary conditions are de- 
termined by the equation itself and thus 
are not at our disposal. An example of 
this is the symbol X1,(v, ©). This corre- 
sponds to the condition v=0 when x=h, 
and the boundary corresponding to /, is 
at ©. 

Another type of boundary condition 
frequently met is where the value of v 
and dv/dx are the same fer x=+7 and 
x=—T. 

This symbol is denoted by 


a ( (v]z = —1> [vla=aX 


Faleeaiale) 


Summation Signs: In the tables where 


infinite series of the forms 2A, and so 
Pp 
forth occur, if there is a root correspond- 


ing to p=0, we always take 


Ay=1/2 Limit Ap 
p—0 


some authors denote this using 2’ but 
p 
the addition of the ’ hardly seems neces- 


sary. 
It will also be noted in the tables 
that dots are written in expressions such 


as 2...A,. This simply means that if 
Dp 
we have two or more terms after the sum- 


mation sign in the solution of this type, 
such as Z...4, and Z...B,, we write the 


D Dp 
resultant term 22A,B,; it is not neces- 


pa@ 
sary to write it in the form 2A,2B,. 
D qd 
Problems Dealing With Heat Flow: In 
problems dealing with the flow of heat due 
to an instantaneous point source, the 
equation is written in the form 


2a) —— 


ae me a a SS a 


This equation differs from the one 
usually given in textbooks. 


Smith—Rectangular Co-ordinate Systems 


source is introduced at a given point at 
the time f=0. A derivation and explana- 
tion of this modified heat equation will be 
found in a paper by J. J. Smith.® 


Use of the Unit Function in These Tables: 
The terms 1-H(é, &) and H(&, &) appear- 
ing in the expressions marked with as- 
terisks, that is, X*, Y*, and so forth, are 
to be understood as follows: 


H(é, &)=0 when E<& ve 


HA(&, &)=1 when §>& 


Thus the following formula, typical of 
many given in the tables 


A*=A,[1—H(&, &)]+42H(E, &) 
is equivalent to the equations 
A*=A, when §<& 

A*=A, when §>& 


In mathematical textbooks it is usually 
found that when this type of equation 
arises, the quantities 4, and A>» are re- 
lated in such a manner that A: is obtained 
from A, by interchanging and &. The 
result is written in such cases in these 
textbooks in the following manner. 


A*=4A, where §>&, 


when &<&, interchange £ and &,. 

In the following tables the equation be- 
tween A* and A; and Az by means of 
H (&, &) is used exclusively (although it 
requires more space for writing than the 
usual mathematical method) since this is 
the form in which the result is obtained 
using the operational calculus method of 
derivation. 


Problems in Which v and dv/dx Are the 
Same at Each End of the Interval: The pres- 
ent tables have been drawn up conforming 
to the pattern that the condition at the 
end of the interval is of the type 

dy 


iar 


In many problems the condition may be 
of the form 


[v]z= —«>= [vjrae 


and 


rales al 


When these conditions are given for any 
coordinate then the value of Xip, Vig, or 
Z\, for that particular co-ordinate should 
be replaced by the corresponding value 
for that co-ordinate of X27, Ya, and Zay. 
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¥ (-2+he 3 s)= > } 2(ap?+he?) [hi sin ay(x—h)+ ap cos ap (x—h)] [in sin ap(%:—h)+ap cos a(x1—h)] 
* Pear sy Ze ge (ap? + rhe) the) +(h—h)(ap?+hy?)( ap?+ hy?) 


ap 

GyGara ir... are the roots of tan a(l2—h) =a(di+he)/(a?—hyhe) 
x (-2+ ‘ »)= > | 2[h sin ap(x—h)+ ap cos ap(x—h)] [ki sin ap(%1—h)+ ap cos ap(x1—h)] 

1p 0 I ey a mein Ti+ (b= h)(ap?-+ hy?) 

ap 

COR. Oi... are the roots of tan a(/,—l) = —a/h 
i? (22 é dv i 2[h sin ay(x—l)+ap cos ap(x—1,)] [hy sin ay(X%1—h)+ap cos ap(%1—h)} 

\ Oe On e es hy +(e h )(ap?-+hi?) 

ap 
SE ae Ot Care are the roots of tan a(/,—h) =h/a 
Ov 2(ap?+hy*) sin ap(x—h) sin ap(xi—h) 

X| eV Pc as 

uf: on? *) 1B Ia+(lh—h )(ap?-+ he?) 

ap 
LI ORD dos. 8 are the roots of tan a(/,—1,) = —a/hy 
eee > 3 ee 2 sin ap(x—h) sin ap(x1—h) 
lh—l, 
ap 

OU Olay reme co's are the roots of tan a(/2—l,)=0. Hence 


ov y ) 2 sin ap(x—h) sin ap(xi—l) 
Xip hy Sl IY 
ox 1L,—l, 


ap 
(CSPI? Ranich Cae are the roots of tan a(/l2—-l)= ©. Hence 
Op =(26+1)r/2(,—1,) where p=0,1,2,..... 
Xu 2 re. 2: Y NOt 2( ep? + he®) cos ap(*x—h,) cos ap(%;—h) 
Ox Ox ho+(l,—h)( ap? +h2?) 
ap 
ae are the roots of tan a(l,.—h) =)»/a 
(2 > ; 2 cos ap(x—h) cos ap(x1—h) 
Xip 20) |= Ae = 
Ox h—h 
ap 
Re Oa a ase iis are the roots of tan a(/,—1;)= © Hence 


Op=(2p+1)r/2(12—1,) where p=0, 1, 2,..... 


x (2 ov\ _ > | 2 cos ap(x—h) cos ap(x1—-h) 
ip ox’ ox SD eT at aa) Bok 


BO, le, 5. se are the roots of tan a(/,—/;)=0. Hence 


ap =pr/(—h) where p=0, 1,2,..... 


iu, 3 Sr ee Uh sin ay(x—h) tarp C08 ap(%—h)] fla sim ap(%i—h)-bap 608 ap(%i—h)] 
Ox J 0 ap? +h? 


2 oo 
Xip(v, 2-2 f dap... . SiN a7(x—h) sin ap(x;—h) 
Jo 


ov prank 
Xoo & “j=? f dap... . COS a7(x—h) cos ap(xi—h) 
Ox Jo 


q ie) 
X1p(— &, waif dap... . COS ap(x—%x1) 
J 0 


d 
Kup lea 2 ene] | -|#] )-} > 2. . COS &y(X—%) 


ap 
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where a,=0, 1, 2, 


ov 
Xapt( Zhe, ae 


[Ae sinh ap(la—x)+ ap cosh ap(la—x)] [Mn sinh ap(x:—h)+ap cosh ap(%,—h)] 
ap( ap? Iyhz) sinh ap(l2—h)+ap( hth) cosh ay(l,—h) 


A(x, x1) 


Xap'( the +) ap(l,—%X1) [hy sinh ap(x—h)+ap cosh ope ee PONE 
x 


aphy sinh ap(l,—h)+ap cosh ap(l2—1) 
sinh ap(l2—x)(h sinh ap(%1—h)+ap cosh ap(%1—h)] 
BS aphy sinh ay(,—h)+ap cosh ap(l2—h) 


x." ou h ov\ _ cosh ap(le—h) [ky sinh ap(x—l)+ ap cosh ap(x—h) 
Tal Casa 3)” ap? sinh ap(lz—h)-taph cosh ap(la—h) 


A(x,%x1) 


Mere ei: 


cosh ap(lz—x) [hi sinh ap(%1—h)+ ap cosh ap(x1—h)] 
ap sinh ap(l2a—h)t+aphi cosh ap(le—h) 


Xu» Sha) = a,(x—h) [he sinh ap(l,—%x1)+ ap cosh ap(l,—x1)] 
yy 


(x, x1) 


aphy sinh ap(lza—h)-+ap? cosh ap(—h) eee A 


sinh ap(%1—h) [he sinh ap(l,a—x)+ ap cosh (,—<x)] 
aphy sinh ap(1, — l, ) + ap? cosh ap(le = lh) 


A(x, x1) 


sinh ap(x,—h) sinh ap(b—x) 
ap sinh ap(—h) 


sinh ap(x—h) sinh ap(lz—%1) 


Xip*(v, v)= 


tee: ah 
ap sinh ap(lo—l) [ (Ge 730) 


ov\ sinh ap(x—1,) cosh ap(l,—%x1) 
LNB SS) SSS 
ox ap cosh ap(l,—h) 


sinh ap(%1—1,) cosh ap(l,—x 
[1—HA(x, m)]+ Ree ES 


y= ou ian) ee Oo ee oN HO epi 


ap sinh ap(l,—h)+aph2 cosh (—-h) 


cosh ap(x%1—h) [he sinh ap(l,—x)+ap cosh ap(l,—x)] 
ap? sinh ap(l,—l)+aphz cosh ap(lz—h) 


x. ou 5 _ cosh ap(x—],) sinh ap(l,—%x1) 
? \ dx’ ap cosh ay(L—h) 


(x, x1) 


cosh ap(x1—h) sinh ap(l,—x 


ray SGC es Gy coshia, Gel) 


cosh ap(%1—h) cosh ap(l2—x) 


(L—-H(x, %1)]+ 


x (2 =) cosh ap(x—h) cosh ap(l,—x1) 
1p => 


ap sinh ap(lz—h) ap sinh ap(l,—1;) 


oS ote Ne xi) ]+ 


atp(Ii + apy) é~ Pt 


€~°?" sinh eno Sh) H(x 3 yee 
an » WI 


—“P sinh ap(%1—h) 


=) 
Ape ‘phy 


Xip*(v, o)= A(x, x1) 


ape “Ph 


=" cosh ap(x—l —Pt cosh = 
x0i(>, 2) Soe SE — (a, SO Or, 
Be Op 


ov i [hy sinh ap(x—h)+ ep cosh ap(x—h)] [hz sinh ap(l,—x1)+ ap cosh ap(2—%1)] 
nig apap? +Mhe) sinh ap(l,a—h)+ap%(In+h2) cosh ap(l,—h) 


A(x, x1) 


€—°?* (hy sinh ap(%1—h)+ ep cosh ay(%—h)] 


(1— A(x, x1) ]+ 


A(x, x1) 


d(x, x1) 


Ta x1) 


ep (J tape “Ph mei 


ape “Pt e— “ph 
e—%p(t1—7) e~ 7% —%1) 
Kip "(= $2, 0.) = —— x) rec 
2ap Zap 
dv dv (1— A(x, %1)] cosh ag(r+x—%1) A(x, x1) cosh apy(r—x+x) 
Xop* [ules —x = [v]z=7) a oe = : + - 
di \e=~, | dx \zax 2ap sinh apr 2ay sinh apr 


Expresstons for Vig, V*1q, Ziy, Zins 
For the normal use of these tables, it is 


headed by Xj. 


desirable to have the expression for these Table | 
quantities written out in full. However, = 
in order to conserve space, we are giving * °F Xw* Tigoe wigs Ba crass 
below substitutions by which the values 
of these quantities can be derived from hy sccsty coon te Meee 
the values already given for Xp, X*,p. ‘ gs Oey eine te a 
Yi, or Zi, are derived from X,, by sub- Wicci che senaancs ba 
stituting the values given in Table I un- i“ pia oh gs oY ake Wee nev een nese ees ie 

SMOG Hp Pee OG Rigi latebnn, Ree Asha Pesci yu 


der the heading for one of these terms 


: Similar substitutions can be used to derive Y: 
for the value given under the column ot 


and Zou from Xop. 
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Appendix |. General Theorems 
on the Use of Green's Function 


Steady State Problems in Three 
Dimensions 


In electrostatic and other steady st.ie 
problems, the Green’s Function is defined for 
the space considered as the potential at any 
point (x, y, z) in the space due to a positive 
charge Q placed at the point (*, yi, ) the 


boundary surfaces being (a) insulated, (b)~ 


held at zero potential, (c) or conditions 
equivalent to radiation holding at these sur- 


AIEE TRANSACTIONS 


ee 


faces. When the Green’s Function G(x, y, 2; 
%1, ¥1, 21) is known, the potential resulting 
from a potential distribution f(x, y, 2) which 
is given over some of the faces of the space, 
the behavior on the other faces being given 
by boundary conditions of the usual type, 
and no other charges being present inside 
the space, can be obtained from the formula‘ 


vag f fr y, 2) X 


dG(x, y, 2; X11, M1, 21) as 


dn, 


the surface integral being taken over the 
faces on which the potential is given, and 
G(x, y, 2; %1, 1, 2) being the Green’s func- 
tion which corresponds with the condition 
v=O0 over these. 


Instantaneous Point Source 


In problems in the flow of heat, use is 
made of the concept of a quantity of heat Q 
suddenly generated ata point. This is called 
an instantaneous point source.*7 

In transient problems the Green’s function 
is defined for a space considered as the con- 
dition at the time ¢ at any point (x, y, z) in 
the space due to an instantaneous point 
source of strength Q placed at the time t=0 
at the point (x1, 91, 21) the boundary surfaces 
being (a) insulated, (b) held at zero, or (c) 
conditions equivalent to radiation taking 
place at these surfaces. 

When the Green’s function G(x, y, 2; 
1, V1, 21; t) is known, the condition resulting 
from an initial volume distribution f(x, y, 2) 
and a given surface distribution ¢(x, y, 2) 
which is given over some of the surfaces of 
the space, the behavior on the other sur- 
faces being given by boundary conditions of 
the usual type can be obtained from the 
formula® 


vat ff fc y, 2; %1, V1, 213 2) 


F(%1, 1, %1)dx, dy, dzy+ 


aay | y, 3) 1, N, 213t—7) 
0 8 dn, 


$(%1, Ni, %1) Xdsdr 


the surface integral being taken over the 
faces on which the potential is given and the 
Green’s function being that which corre- 
sponds with the, condition 7=0 over these 
faces, 

The bare outlines of these theorems are 
given in the above. For further detailed 
instructions as to their application, the refer- 
ences given should be consulted. 

It may also be well to point out that similar 
formula are needed for application to the 
wave equation. 


Appendix II 


The following simple examples have been 
chosen to illustrate the use of these tables in 
_ solving problems in three different types of 

problems. It will be noted that in all cases 
the appropriate Green’s function is first ob- 
_ tained from the tables. Then by use of the 
theorems in Appendix I, or otherwise, the 
solutions corresponding to given boundary 
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conditions or initial conditions are found from 
these Green’s functions. 


Example 1. Required the Green’s func- 
tion corresponding to a continuous line 
charge at (xi, ¥1) in the infinite positive half 
plane bounded by the x axis which is main- 
tained at zero potential. Here the terminal 
conditions are given by 


1,=— © and v=0 when y=0 
h=+ 
Use Green’s function II and obtain 


Y= Z0QXip(— ©, ©) Vig*(v, ©) 


inca da cos a(*—%x) X 


{[1-H(y, n) Je sinh ay+H(y, ye @ 
sinh ay 


Mz = © 


a 


Example 2. Assume electricity is flowing 
in a thin plane sheet of infinite extent bounded 
by the x axis and that the value of the poten- 
tial function is given for every point along 
the « axis. Required the potential at any 
point of the sheet. 

Using the result in example 1 and the 
2-dimensional analogue corresponding to the 
first theorem in Appendix I, we obtain 


1 
v ail f° da cos a(x —2x1) X 


-) 


flare dx; 


—o 


and on putting gp =4m and making appropriate 
changes in notations, this is identical with 
the result given by Byerly.® 


Example 3. Required the Green’s func- 
tion due to an instantaneous heat source at 
=0, at the point x, in the 1-dimensional 
space with boundaries at x=0 and at x=a, 
which are held at zero temperature. Use 
Green’s function IV and obtain 


v= goQXip(v, ve? 74/74, 0) /g1 


sin 


2g00H(t, 0) . pax , pre 
= Se sin SS= NK 
a a 


€ —D%2t/a2g, 


and on putting g:i=1/« and appropriate 
changes in notation, this is identical with the 
result given by Carslaw.° 


Example 4. | The same space as in example 
3 with boundaries at x=0 and x=a. How- 
ever, now the initial temperature is given by 
f(x) and the surfaces x =0 and x =a are kept 
at ¢i(t) and ¢2(t). Required the temperature 
at the point x at a subsequent time f. 

This example is an illustration of the ap- 
plication of the second theorem referred to in 
Appendix I using the result obtained in 
example 3. The result will be found worked 
out in Carslaw” and as it does not involve 
anything more complicated than the appli- 
cation of integration to the Green’s function, 
it will not be worked out further here. 

Since the differential equations for tem- 
perature in heat problems are identical with 
those for potential in a cable with R and C, 
we may in turn use the result in this example 
in Carslaw by putting f(x) =0, ¢i(t) = V and 
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¢2(t)=0 to obtain the voltage along a cable 
to which a voltage V is applied at t=0, the 
other end x=a being maintained at v=0 
and the result checked with that given by 
Heaviside.!1 


Example 5. This example illustrates the 
application to a moving point source. The 
Green’s function due to an instantaneous 
point source of heat at x; at the time 4 in 
the space whose boundaries all lie at © is 
given by Green’s function VI as 


— 200 vz f cos a(x—) X(t, 0)de 
TZ 0 


em (attptty?)(t—h)/o 


where 


vena ie cos B(y—) X 


cos y(z—21)dBdy 


Now consider a case in which a continuous 
point source that was at the point x» at f= 
and is moving with uniform velocity u so 
that x=x+u(i—t). Substituting this in 
the expression for the Green’s function, we 
find for the temperature v, due to a continuous 
point source moving with uniform velocity 


Q t i) 
eZ, df we dxdt X 
TE —o 0 


cos (%—xy—u [ti — to] )e— (PFE TY) GE — 4) /01 


This example would probably be of greater 
interest if applied to moving electrical charges 
but since in application to these, more com- 
plicated problems arise than can be con- 
sidered in this brief discussion, they will be 
dealt with more fully in a subsequent paper. 


Examples of Fourier Series and Impulse 
Functions 
Example 1. Required a Fourier series S 
for f(x) or an impulse function J in terms of 
sine and cosine functions over the interval 
lh<x<lk, with the following boundary condi- 
tions 
S=0 at x=], and at x=h 
or J=0 at x=h and at x=) 


We have from the tables 
S=flx)= fh, f(x) Xiplv, v)dxr 


or [=Xjy(v, v) 


where 
2 
ule D | 
D 
sin pace) sin pay 
l, = h ly = h 


Example 2. Required a Fourier integral S 
for f(x) or an impulse function J in terms of 
sine and cosine functions over the interval 
1,<x< © with the boundary conditions 


dS/dx=0 at x=] 


or dl /dx=0 at x=], 


Note that in this case the boundary condi- 
tion at x= ~ is not at our disposal. We have 
from the tables 


ie d 
saptsy= ff reonxn( %, « Ja 


cos a(x—l;) cos a(ai—h )da 
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Operational Study of a Highway 
Mobile Telephone System 


LOUIS A. DORFF 


NONMEMBER AIEE 


UBSTANTIAL progress has been 

made during the past few years in 
establishing mobile telephone service for 
vehicles. This mobile telephone service, 
inaugurated in St. Louis on June 17, 
1946, is given through two types of sys- 
tems. Urban mobile telephone systems 
serve the metropolitan areas and many of 
the cities of 100,000 population and over, 
and highway mobile telephone systems 
serve intercity highways, waterways, and 
cities along these routes which do not have 
independent urban facilities. These high- 
way systems have been rapidly expand- 
ing into large area coverage systems 
blanketing complete states. The urban 
mobile telephone systems operate on 
channels in the 152 to 162-megacycle 
band, while the highway systems have 
been allocated channels in the 30- to 44- 
megacycle band. 

As of May 31, 1950, highway mobile 
telephone service in the United States 
has expanded to include 110 base trans- 
mitting stations, serving about 3,500 
mobile units and handling approximately 
81,000 completed calls per month. These 
highway systems already cover many of 
our major highways in both the east and 
the west. In the middle west, statewide 
coverage systems have been established in 
Michigan, Wisconsin, Minnesota, Illinois, 
Missouri, Kansas, Oklahoma, Arkansas, 
and Texas. Existing highway service 
base stations in the United States are 
shown on Figure 1. 

When highway service was first in- 

_ atigurated in Green Bay, Wis., August 28, 
_ 1946, it was planned to operate all sta- 
tions throughout the United States on a 
single channel of two frequencies, one for 
transmission to the mobile unit and the 
_ Other for transmission from the mobile 
unit, This would allow a vehicle equipped 


cs 1951, VoLumE 70 


with the normal single-channel radio set 
to travel anywhere in continental United 
States and make or receive calls. During 
the testing of these systems, however, 
considerable sky-wave interference was 
experienced between systems separated 
geographically by more than 1,000 miles. 
A study of the situation indicated that the 
most satisfactory method of reducing this 
interference would be to use different 
frequencies in different parts of the 
country. The country was therefore 
divided into zones 800 to 1,200 miles in 
extent and a particular pair of channel 
frequencies was assigned to each for its 
exclusive use. A frequency zoning plan 
comprising seven zones was adopted and 
is shown on Figure 2. With this plan all 
stations within a particular zone operate 
on the same channel frequencies. Ve- 
hicles moving from one zone to another 
may be equipped with an additional oscil- 
lator unit with relay-switched crystals, 
which is controlled by a manual channel 
selector mounted alongside the unit hold- 
ing the handset. As the mobile sub- 
scriber moves into a different zone, he 
must manually switch the frequency of his 
mobile radio equipment. Areas such as 
St. Louis, Mo., and Buffalo, N. Y., 
located on zone boundaries, have base sta- 
tions operating on the channel frequen- 
cies of each zone. The channel switch 
mounted on the right-hand side of the 
handset holder as shown in Figure 3, is 
capable of manual switching to as many 
as six different channels in the highway 
service band of frequencies. The added 
oscillator and crystal unit serving both 
the transmitter and receiver is shown at 
the left of the radio transmitter in Figure 
4. 

The provision of highway mobile tele- 
phone service presented problems of con- 
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siderable greater complexity than did 
urban mobile service. One important 
difference is the need for continuous 
coverage over the entire length of hun- 
dreds and ultimately thousands of miles of 
highway, or thousands of square miles of 
area, as against coverage of a limited 
urban or metropolitan area. This, of 
course requires many base stations estab- 
lished miles apart along the highway or 
covering the desired large area. Each of 
these base stations is operated as a sepa- 
rate entity and with a particular point of 
contact with the land wire telephone 
plant, but each must also function 
smoothly as a part of the whole system to 
the end that a mobile unit may travel 
anywhere in the entire service area and 
yet be reached promptly and satisfac- 
torily. Operation on a single channel 
within a given zone, complicates the 
problem of complete coverage of an area. 
It is obvious, that to provide complete 
and continuous radio coverage of a high- 
way or area, there must be areas of over- 
lapping coverage. 

Consider for example, the two adjacent 
base stations A and B with transmitters 
and receivers disposed as shown on Figure 
5(A). The irregular line surrounding each 
station is the boundary of the radio cover- 
age area. A portion of the highway is 
covered by both stations. With both 
stations on the same channel, as is the 
case in highway telephone systems, a 
large portion of the overlapping area be- 
comes an area of interference any time 
both stations are on the air. Now con- 
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Figure 1. Base stations of the highway mobile 
telephone service 


sider Figure 5(B) with vehicles at ‘““X” 
and ‘‘Y.’’ Since neither vehicle is in the 
overlap area both could operate at the 
same time, ‘“‘X’”’ with station A, and “YY” 
with station B. Consider one further 
step shown on Figure 5(C). Here a 
vehicle is located at ““X”’ in the overlap 
area of the two stations. When ‘‘X”’ at- 
tempts to make a call it will no doubt 
bring in both operators because its trans- 
mitter opens the squelch circuits and 
operates signalling relays in receivers as- 
sociated with both stations. One opera- 
tor will handle the call, but each time the 
mobile unit at ‘‘X’’ operates its trans- 
mitter, it will bring in the other operator, 
giving her a ‘false signal.’’ Should the 
operator at B set up a call in her own 
area, operation of the B-base transmitter 
will in all probability cause interference 
to mobile unit ‘“X”’ receiving transmission 
from base transmitter A. 

This difficulty was recognized at the 
outset, so to prevent all probability of 
causing interference between adjacent 
areas, it was decided to keep station B off 
the air whenever station A was handling 
a call and vice versa. This was accom- 
plished by providing the operator at each 
base station with a busy lamp, which 
lighted whenever the adjacent area base 
transmitter was on the air. When this 
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lamp was lighted, the operators were in- 
structed not to handle any calls through 
their stations. This became known as 
the ‘‘A On-B Off” method of operation. 
While this method did theoretically pre- 
vent all interference, should the mobile 
unit happen to be in the overlap area of 
two adjacent stations, Figure 5(C), it also 
prevented many calls from being placed 
in situations like that shown in Figure 
5(B). This method of operation how- 
ever delayed many calls and reduced the 
traffic handling capacity of the system 
materially, since whenever one base 
station was on, adjacent stations to the 
right and left were artificially busy. 

It was evident that when the linear 
systems developed into area coverage 
systems, the use of this method of opera- 
tion would become seriously inefficient in 
the use of the radio channel and station 
equipment available. For example con- 
sider Figure 6 which shows the base sta- 
tions in the state of Oklahoma. There 
are a total of six stations located at Enid, 
Tulsa, Oklahoma City, McAlester, Ard- 
more, and Lawton. In effect, five of them 
surround Oklahoma City and their cover- 
age areas, as shown, overlap that of 
Oklahoma City. Therefore, if the “A 
On-B OF” method of operation were 
used, each time Oklahoma City handled a 
call to a mobile unit, all the other sur- 
rounding overlapping stations would have 
to keep their transmitters off the air, 
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This would mean that one call in the 
Oklahoma City station area could pre- 
vent the handling of any other calls in an 
area of about 58,000 square miles, prac- 
tically the rest of the state of Oklahoma. 
This of course would not be efficient use of 
equipment or radio channel space and 
would in addition result in poor service. 

This was most provoking to the radio 
systems engineer, especially since it was 
more than likely that the particular call 
deactivating this tremendous area, would 
originate from a vehicle in the center of 
Oklahoma City and the operation of any 
or all of the other base stations in the 
state would cause no interference. Some- 
thing had to be done to improve the 
efficiency of the system before such situa- 
tions became prevalent. 

Ideas for solving this problem ranged 
from a few high-powered transmitters 
with their antennas on very high towers 
covering large areas to low-powered 
transceivers located every quarter mile, 
and connected through an elaborate net- 
work of land wire to complex switching 
arrangements which would follow the 
vehicle from transceiver to transceiver. 
Most of the ideas were ruled out as being 
noneconomical for application to present 
systems, or as having a too limited traffic 
capacity. Information and experience as 
to the calling habits of highway telephone 
customers and the detailed functioning of 
the new systems under service conditions, 
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was needed for proper evaluation of these 
proposals. This kind of information is 
generally available to the designers, the 
traffic engineers, and operating method 
people of fixed telephone systems, based 
on years of study of the calling habits of 
the telephone user. While the necessary 
information on mobile systems based on 
experience would in time become avail- 
able, it’ was agreed that much could be 
gained if somehow the gathering of the 
necessary information could be acceler- 
ated to a point where it would be available 
in months rather than years. 

The answer appeared to lie in a de- 
tailed operational study of a large working 
system. The Illinois state-wide highway 
telephone system was chosen for the 
study, since it was the oldest in point of 
service, the busiest, gave a typical ex- 
ample since it had both land and water 
vehicles with average spacing of base 
transmitter locations, and it included 
Chicago, the second largest city in the 
country and one having a large con- 
fluence of road and waterway systems. 
The layout and coverage areas of this 
system are shown on Figure 7. 

The main objectives of the study were: 


1. To learn as much as possible about the 
general operation and equipment function- 
ing relationships of a large mobile telephone 
system. 


2. To evolve the most efficient traffic 
operating method. 


3. To learn something of the telephone 
habits of mobile service customers. 


4. To determine what relation if any, there 
might be between the density of vehicular 
traffic and mobile telephone traffic. 


5. To determine the need for additional 
equipment or new practices to improve the 
service. 
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Trained observers with specially built 
observing equipment were located at each 
of the seven base operating locations. A 
closeup view of the front panel of one of 
these observing boxes is shown in Figure 
8. The box was equipped with lamps, a 
clock, and a monitoring circuit whereby 
the observer could follow and time the 
operations of the mobile service operator. 
The box also contained a stop clock and 
two lamps associated with each base re- 
ceiver by which the observer could record 
which base receivers were activated, and 
the period each receiver was selected for 
use by the base station receiver selector. 
By monitoring the radio channel she 
could record the telephone number of the 
called and calling customers, comments of 
the customers on the service, their loca- 
tion, which they were asked to give during 
the period of the study, and whether or 
not the call encountered any interference. 
Lamps also kept her informed of the 
busy status of the adjacent areas. 

During the study a provisional operat- 
ing method was used, designed to handle 
calls in areas adjacent to a busy area pro- 
vided the vehicle in the busy area was not 
in the overlap area. The method was 
based on the premise that if a mobile unit 
was in the overlap area, it would be in 
range of base receivers of both areas, and 
both operators should be able to hear the 
mobile unit each time it operated its 
transmitter. Normally the answer of the 
mobile service operator to a received 
signal on the radio channel, causes the 
base transmitter to be activated. How- 
ever where the mobile unit may be in the 
overlap area, it was desirable that only 
one transmitter be operated in order to 
avoid interference. Therefore if an 
operator received a channel signal during 
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Figure 2. Frequency zoning plan for highway mobile telephone service 
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a period when the adjacent area was busy 
(adjacent area busy lamp lighted), she 
had to determine before activating her 
transmitter, whether the signal was from 
a unit in her own area or from an operat- 
ing unit in the adjacent area. To do this 
she had to be able to monitor her base 
receivers without activating her trans- 
mitter. This was accomplished readily 
by providing her with a monitoring jack, 
which gave her access to all her receivers, 
and through which she could monitor 
whichever receiver was activated by a 
mobile call. 

By monitoring the receivers, she could 
determine if the adjacent area mobile 
unit was in range of her station. If she 
heard conversation, the provisional prac- 
tice instructed her to leave a switchboard 
cord in the.monitoring jack until the ad- 
jacent area call was completed, thereby 
preventing a new signal (false signal) each 
time the mobile unit transmitted. If she 
heard no conversation after a reasonable 
period of monitoring, she could assume 
her signal did not originate from the ad- 
jacent area unit, but from one in her own 
area. Since the adjacent area unit was 
not then activating any of her receivers, 
she could further assume it was not in the 
overlap area. Therefore she was in- 
structed to plug a switchboard cord into 
the line jack, place her base transmitter on 
the air, and proceed with the call. In the 
“A On-B Off” method of operation this 
call would not have been delayed until 
the adjacent area became idle and the 
busy lamp went out. 

The mobile service operators also were 
instructed to handle outgoing calls to 
mobile units regardless of whether or not 
the adjacent area was busy. This was 
done on the assumption that if a mobile 
unit operating in the adjacent area was in 
the overlap area of the two base trans- 


Figure 3. Mobile telephone control unit with 
channel selector mounted at the right 
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Figure 4. Maulti-frequency highway mobile 
telephone equipment. Oscillator and crystal 
unit at left 


mitters, it would have brought in a line 
lamp and the operator would be in the 
monitoring jack, and therefore knew no 
call could be handled without interference 
to the adjacent area call. 

With the ‘A On-B Off” method no in- 
terference between calls in adjacent areas 
could occur since this condition was non- 
existent, however under the provisional 
method, since calls were concurrent in 
adjacent areas under conditions as de- 
scribed previously, interference would 
occur at times due to changes in the posi- 
tion of the mobile units in the adjacent 
areas after the calls were initiated. 

While the provisional operating method 
required the operator to monitor on all in- 
coming calls during periods of adjacent 
area busy, it saved operating effort in 
preventing many false signals and showed 
real promise of increased efficiency. Since 
a change in operating method involved no 
added development or equipment, and 
could be applied with relative ease and 
economy, the efficiency of the operating 
method used in the study was examined 
first. 

In the following paragraphs where in- 
terference is indicated, in so far as pos- 
sible it refers to adjacent area interfer- 
ence. It does not always mean that 
detrimental interference actually oc- 
curred, but only indicates that it could 
have taken place. Interference as con- 
sidered here, ranged from the momentary 
selection of a base receiver during a 
period when the local mobile unit was 
listening, which could be the local cus- 
tomer depressing his push-to-talk button 
while listening, and sometimes was, to 
those cases where the conversation from 
the adjacent area unit “‘captured’’ the 
base receiver from the local unit inter- 
rupting his conversation. 

During the period of the study, ap- 
proximately 6,800 messages or com- 
pleted calls were observed. Of these, 
3,400, or 50 per cent, were initiated during 
periods when one or more of the adjacent 
areas were busy. This means that there 
was a 100 per cent increase in the number 
of messages handled without long delay. 
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Under the ‘‘A On-B Off”? method, these 
messages would have encountered serious 
delay or might not have been handled at 
all. 

A sample analysis of a typical hour for 
the whole system indicated that there 
would have been insufficient channel time 
at each station when all adjacent stations 
were idle, to carry the traffic actually 
handled, even if the calls were timed to 
follow one after the other. Completing 
calls without long delays gives a greatly 
improved service which could not other- 
wise be realized without providing an ad- 
ditional channel at each station. In one 
station, Ottawa, surrounded by four 
other stations, as many as 74 per cent of 
the messages were handled during an ad- 
jacent area busy condition. 

As expected, some interference did take 
place. For the period of the study this 
amounted to about 3 per cent of the total 
6,800 completed calls observed. During 
the first three weeks of the study period, 
before the operators were thoroughly 
familiar with the new practice, inter- 
ference was noted on 4.8 per cent of the 
completed calls. During the last three 
weeks this figure had fallen to 1.5 per cent. 
It is expected that with well-trained 
operators the amount of interference in 
areas similar to Illinois should be between 
1 and 2 per cent. 

In the Chicago area the percentage of 
interference was comparatively high, 8.5 
per cent, and showed little improvement 
with time as did the other areas. In 
order to ascertain as definitely as possible 
the cause of this, a special analysis of the 
Chicago area was made. Each case of 
interference was arbitrarily placed into 
one of three categories as to degree. 


First Degree: Interference causing a defi- 
nite interruption, or one where com- 
ments were made by the customers. 


Second Degree: Interference where ad- 
jacent area conversation was heard but 
did not interrupt the call, or if noticed by 
the customers it was not commented 
upon. 


Third Degree: Momentary selection of 


Table |. Chicago Interference Study— 
Summary of Possible Causes 


— 


Per Cent 

Cause of Total 

Operating irregularities............... 19 

Range of receiver beyond transmitter 

SON GE oro ere sa sites dareee e a eae 75 
5000 East End (south)........... 9.0 
Munster (southeast).............. 1.5 
Lockport (southwest)............. 42.0 
Wheaton (west)... 6.0.ce0c0e, 4.5 
Make Morest (north)... ..see coe 18.0 


Miscellaneous 
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a base receiver presumably by a mobile 
unit in the adjacent area. ‘ike 

It was found that 31 per cent of the 
cases of interference were of first degree 
nature, 51 per cent second degree, and 18 
per cent third degree. This indicates that 
about one-third of the cases of inter- 
ference recorded were serious enough to 
cause comment or stop the call. Pos- 
sibly not more than one-half of all cases 
recorded would be noticed by the cus- 
tomers. 

What were the probable causes of in- 
terference? Again the Chicago cases 
were analyzed with the result shown in 
Table I. 

Seventy-five per cent of the causes 
were attributed to the excess in range of 
the base receivers to that of the base 
transmitter. One receiver, Lockport, 
located in the southwest corner of the 


_ Chicago transmitter coverage area to fill 


a receiver “hole” in an important area, 
was the largest single contributor of in- 
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Figure 5. Elementary highway mobile tele- 
phone service coverage map, illustrating inter- 
ference problems 
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terference (42 per cent). Its location un- 
fortunately caused it to have a deep cover- 
age in the Ottawa area. This condition 
was aggravated by the fact that this 
general area is one of heavy traffic density 
because of calls from river-craft on the 
Chicago Sanitary and Ship Canal and the 
Calumet-Sag Channel. While the Lake 
Forest receiver contributed 18 per cent of 
all causes, examination of the data showed 
it was due in a large part to the lack of the 
adjacent area busy lamp associated with 
the Milwaukee area to the north, which 
was being installed during the study 
period. 

Operating irregularities, mainly due to 
unfamiliarity with the new method, ac- 
counted for 19 per cent of the interfer- 
ence cases. In large areas like Chicago, 
more different operators are involved 
than in the smaller centers and the intro- 
duction of a new method always requires 
more time to reach full operating pro- 
ficiency. It was found, however, that all 
mobile service operators needed some 


Figure 6. Oklahoma highway mobile tele- 
phone system and coverage map 


T@ LAND TRANSMITTER STATION LOCATION 


Re LAND RECEIVER STATION LOCATION 
<LZZ> OVERLAP WITH OKLAHOMA CITY 


1951, VoLume 70 


special instruction in the physical func- 
tioning of a radio system, to better under- 
stand conditions that arise and how to 
handle them. 

A miscellaneous 6 per cent of the inter- 
ference cases resulted from causes such as 
the adjacent area test transmitters, used 
for testing and checking the base re- 
ceivers, reaching beyond their own area; 
mobile customers momentarily depress- 
ing their transmit button while listening, 
(this is actually not adjacent area inter- 
ference but only appears to be); and 
probably some long range interference 
from distant points in the same zone. 
The latter were eliminated from the data 
whenever they were recognized. 

The relation of vehicle density to mo- 
bile telephone traffic was explored by a 
study of the mobile unit location and re- 
ceiver used data. Referring to the system 
layout of Figure 7 and considering all 
areas, it was found that approximately 
60 per cent of the mobile service traffic 
was handled through the base receiver 
located in the major city (base trans- 
mitter location) of each area, except in 
the case of Ottawa where only 19 per cent 
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of the traffic was handled by the base re- 
ceiver located in Ottawa. The major 
cities also represented the highest con- 
centration of road traffic. In the case of 
the Ottawa area, the Illinois river pro- 
vided most of the traffic, and the calls 
were spread between the three base re- 
ceivers along the river. A high percent- 
age of the Chicago traffic also was handled 
on the Lockport receiver for the same 
reason. Considering distance from the 
base transmitter, about 75 per cent of the 
calls were within a 15-mile radius, with 
about 80 per cent within a 20-mile radius, 
except for Ottawa where only 50 per cent 
were within 20 miles. 

It is believed the success of the operat- 
ing method used, is directly related to the 
fact that a high percentage of the calls 
occur within a 20-mile radius of the base 
transmitter. While the number of areas 


studied was too small to be conclusive, it 
appeared that the percentage of inter- 
ference trouble at any station was directly 
associated with the percentage of traffic 
beyond the 20-mile radius in a system 
where the base stations were approxi- 
mately 50 miles apart. 
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Figure 7. Illinois highway mobile telephone system and coverage map 


plotted points for four areas showing the 
relation of the percentage of total mes- 
sages encountering adjacent area inter- 
ference to the percentage of the total 
messages occurring beyond a 20-mile 
radius from the base transmitter. The 
dotted line indicates the trend, showing 
an increase in adjacent area interference 
as the percentage of calls beyond the 20- 
mile radius increases. Of course, if the 


base transmitters were closer together 
than 50 miles these figures would not hold 
for the 20-mile radius but would apply to 
a lesser radius, which like the 20-mile 


radius in this study, would lie well away 
from the overlap areas of the adjacent 
stations. 


Conclusions 


As a result of this study the following 
conclusions were reached. 

1. It was decided to adopt the new 
operating method, which allowed calls to 
be made during adjacent area busy condi- 
tions provided the adjacent area mobile 
unit was not within the range of any of the 
base receivers, since it provided a ready 


Figure 8. Observ- 
ing box used for 
operational study of 
highway mobile 
; telephone service 
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Figure 9. Relation between expected inter- 

ference in any base station and percentage of 

completed calls made in outlying portions of 
its coverage area 


and economical means of increasing the 
efficiency of use of the mobile system 
equipment and channel space. While it 
increased the interference over the old 
method from a theoretical zero to 1 to 2 
per cent, it increased the call carrying 
capacity by as much as 100 per cent 
thereby decreasing the delays encoun- 
tered, and improving the over-all service 
to the customer. Soon after the introduc- 
tion of this method to the New York- 
Buffalo Highway system in 1949, it 
showed a 10 per cent decrease in delays on 
traffic to the mobile units, while at the 
same time the total traffic on the channel 
increased 20 per cent. . 
2. For good system operation base 
receivers should be so engineered and 
maintained that their location and ad- 
justment provides a coverage area which 
does not extend beyond that of the base 
transmitter. When attempting to handle 
simultaneous calls in adjacent areas this 
requirement is of even greater importance, 
It aids in preventing adjacent area inter- 
ference, and improves service by mak- 
ing it impossible for the mobile customer 
to signal an operator who cannot reach 
him, causing an apparent “don’t answer” 
to the customer and a “false” signal to the | 
operator. While too much emphasis 
cannot be placed on this conclusion, in all 
fairness to the field engineer who is 
charged with laying out these systems it 
should be pointed out that this objective 
is difficult to realize in practice. This is 
especially true in flat country, where the { 
transmitter and receiver coverages are 
approximately circular. Filling a trans- | 
mitter circle with receiver circles cannot 
be done without either excessive receiver | 
coverage or pie-shaped “‘holes” around the 
transmitter fringe. However this should ] 
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not prevent him from doing the best 
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possible job of covering all important 
areas within the transmitter circle, with- 
out excessive receiver coverage in the ad- 
jacent areas. Development work toward 
better solutions of this problem is still 
underway. The provision of an adjust- 
able output test transmitter is a real aid 
in the maintenance of base receiver ad- 


i 


justments. With it, receiver adjustment 
can be checked easily at frequent in- 
tervals and the test transmitter also can 
be kept from reaching into the adjacent 
area causing interference. 

3. Further education of customers, 
maintenance forces, and installers was 
necessary to prevent interference and 


undesired radiation from mobile units. 
4. All operators should receive special 
instruction for mobile service work to 
better cope with irregularities which arise 
due to vicissitudes of the radio system. 


No Discussion 


Ice Testing and Its Influence Upon 
Switch Design 
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Synopsis: Requirements for disconnecting 
switches to operate when ice-coated demand 
special attention to details of design and to 
methods of testing the performance of a 
given design. In order for an ice test to 
provide a true criterion of the performance 
of a design, the icing program must be pre- 
ceded by a wetting period above freezing 
temperatures, the simulated rain must be 
uniform over the test area, and the volume 
of water must be in balance with the am- 
bient temperature in order to permit con- 
tinuous wetting of the surfaces upon which 
ice is forming. Operation tests should be 
made at 20 degrees Fahrenheit and adequate 
time should be allowed after ending the 
spraying to equalize the masses of ice and 
metal at this temperature. Based upon the 


observed results of almost 100 individual ice. 


tests, it is found that rounded contours, 
generous clearances, dry sealed bearings, 
small radii of all rotating members, sealed 
and enclosed hinge contacts, high-pressure 
line contacts, optimum clearance at linkage 
points, and absence of compression points 
are all required to maximize the ability of a 
disconnecting switch to be operated when 
coated with ice. 


UTDOOR disconnecting and horn 

gap switches are by the very nature 

of their application subjected to adverse 
weather conditions, including the forma- 
tion of glaze ice. The thickness of glaze 
ice that is likely to occur in various sec- 
tions of the United States has been deter- 
mined from utility companies and from 
the records of the United States Weather 
Bureau. A loading map in the Standard 
Handbook for Electrical Engineers! dis- 
closes that about 40 per cent of the 
United States is subject to heavy ice con- 
ditions. At rare intervals radial ice may 
form as thick as one inch or more, as is 
illustrated by Figure 1, showing the re- 
sults of an ice storm that occurred during 


d the winter of 1949-50. The remaining 


sections of the country either experience 
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no ice or are subject to medium and light 
glaze conditions. The term “‘glaze ice” 
as used here defines ice which has been 
formed at freezing temperatures upon sur- 
faces that have been continuously wetted 
during freezing by a rain having a temp- 
erature slightly above the freezing point. 
In appearance it is a relatively clear and 
smooth coating of ice. It does not in- 
clude wet snow or wet sleet which cling 
to surfaces upon which they fall and later 
freeze into a relatively solid mass. These 
latter forms of ice are neither as dense nor 
as strong mechanically as is glaze ice. 
With modern concepts of continuity of 
service, it is of increasing importance to 
companies in the business of transmitting 
and distributing electrical power to be 
able to operate disconnecting switches 
under any weather conditions, including 
glaze ice. Hence, it is necessary for the 
designer to incorporate into the design of 
disconnecting switches features that will 
maximize their ability to operate under 
these conditions. Intelligent testing and 
effective designing demand a knowledge of 
the characteristics of ice and the manner 
in which these characteristics are related 
to ambient conditions both during and 
after ice formation. An additional re- 
quirement is for the icing and testing pro- 
cedure itself to be standardized in order 
that true comparisons may be made be- 
tween the results of different tests, and in 
order that the condition of ice experi- 
mentally imposed upon a switch may be 
as severe as that encountered in nature. 


Testing 


There are two slightly different basic 
requirements for ice testing. One re- 
quirement is to artificially simulate nat- 
ural ice forming conditions so that a test 
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under the simulated conditions measures 
the ability of a switch to cope with nat- 
ural phenomena. This is termed a per- 
formance test. A second and even more 
important requirement is for a set of con- 
ditions that can be readily duplicated 
from test to test. The conditions must 
impose a severe test upon the equipment 
but will not«necessarily exactly imitate 
natural phenomena. Since this set of 
conditions is controlled and reproducible, 
it is used to compare the performance of 
different designs and is termed a com- 
parative test. Because it does not follow 
a temperature and precipitation program 
imitating nature, a comparative test re- 
quires less time than a performance test, 
but since the final temperature is equal- 
ized and is lower, the comparative test 
imposes a greater hardship on the switch. 
It follows, therefore, that if a design per- 
forms satisfactorily under comparative 
test conditions as detailed later in this 
paper, it also will perform satisfactorily 
under performance test conditions. The 
reverse is not always true. 

The properties and physical charac- 
teristics of ice have been studied by a 
number of researchers whose findings have 
been commented upon and summarized 
by H. T. Barnes.? Table I reports the 
properties of ice pertinent to a program 
of ice testing. A knowledge of these prop- 
erties is essential to the preparation of 
significant tests and to the intelligent in- 
terpretation of results. Ice behaves like 
other brittle solids in that it has greater 
strength in shear and compression than it 
has in tension. Mr. Barnes does not re- 
port shear strength but calculations based 
upon data taken from tests reported in 
this paper show that the shear strength 
of clear ice at 24 degrees Fahrenheit falls 
within the limits of 255 to 285 pounds per 
square inch. 
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Figure 1. 


Two views of 1!/;-inch radial ice formation on 110-kv transmission line between 


DuBois and Ridgeway, Pa. 


The rate of water precipitation during 
ice formation and the velocity of the air 
during the same period influence the 
strength of the ice only to the extent to 
which they contribute directly to the 
amount of air inclusions contained in the 
frozen mass. The strongest ice is clear ice 
that is free from air inclusions. At a 
given temperature, ice will be found to be 
progressively weaker as the amount of air 
is increased. A rough visual index to the 
amount of air inclusion is the color or 
clarity of the ice. When entirely free of 
air, it has a window glass clarity. As the 
amount of air becomes progressively 
greater, the ice takes on a cloudy or 
milky appearance, which increases in in- 
tensity in proportion to the air content. 
The maximum amount of air inclusion and 
consequently the weakest ice has been 
found to form when the ambient tempera- 
ture and the rate of precipitation are 
balanced at a point which causes all of the 
moisture striking a surface to freeze with- 
out any of it running off. On the other 
hand, the clearest, most dense, and con- 
sequently strongest, ice is formed when 
the ambient temperature and rate of 
moisture precipitation are of such values 
that only a small amount of the moisture 
striking a surface freezes; in other words, 
the growing film of ice is being con- 
tinually washed by water and the growth 
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of ice itself is occurring at the boundary 
line between ice already formed and the 
water film. 

The strength of clear ice is related to its 
hardness which, in turn, is directly re- 
lated to temperature. Ice has almost 
zero mechanical strength at the freezing 
point. As the temperature drops, 
strength increases very rapidly until 20 
degrees Fahrenheit is reached. For tem- 
peratures lower than 20 degrees Fahren- 
heit, there is very little further increase in 
strength. This is illustrated in more de- 
tail in Figure 2.2. The strength and tem- 
perature relationship of ice brands as a 
fallacy a kind of tough resilient ice popu- 
larly referred to as “‘rubber ice,’ which is 
purported to occur at or near the freezing 
point. 

Tests verify the conclusions to be 
drawn from Figure 2, namely, that for 
any given thickness of clear ice, its 
strength and hence the resistance it offers 
to the operation of a switch increases as 
temperature decreases. For the same 
reason tests conducted near the freezing 
point impose a minimum hardship upon 
operation and cannot be regarded as 
either significant or conclusive. 

The temperature at any particular 
point in the curve on Figure 2 is the tem- 
perature of the entire mass of ice at the 
time of test. It is not related in any way 
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to the ambient temperature prevailing ‘at 
the time of ice formation. To support 
this claim, it may be pointed out that 
regardless of ambient conditions and re- 
gardless of the temperature of the falling 
moisture, the actual formation of ice at 
the boundary between water and ice is 
occurring at a constant temperature of 32 
degrees Fahrenheit. For this reason, it is 
important that at the conclusion of ice 
build-up, the investigator allow adequate 
time to elapse for equalizing of the entire 
ice mass and testing equipment at the 
temperature at which the particular test 
is to be performed. It is advisable that 
the temperature at the time of test be 20 
degrees Fahrenheit, because lower tem- 
peratures introduce very little gain in ice 
strength. Higher temperatures ap- 
proach the steep slope portion of the curve 
where consistent comparisons cannot be 
depended upon because small differences 
in temperature introduce wide differences 
in hardness. 

Taking into consideration the facts pre- 
sented in the foregoing paragraphs a pro- 
cedure has been established for testing 
the operating ability of ice coated gang 
operated disconnecting switches. The 
procedure, as outlined in the following, 
provides a reliable means of duplicating 
in a series of tests a coating of glaze ice 
that imposes a rigorous test upon 
switches. It is suggested as a basis from 
which to prepare a standardized pro- 
cedure as a comparative test for users and 
manufacturers. 


1. Switches to be tested are to have all ex- 
posed surfaces free of grease, wax, or oil. 
All surfaces should be in a condition result- 
ing from normal production and not speci- 
ally cleaned or polished. 


2. Test to be made upon 3-pole switches 
complete with standard mechanical control 
parts and operating handle. 

(a) For comparison of different designs, like 
voltage and current ratings shall be tested. 
Also, the same type of control shall be used, 


Table I. Physical and Mechanical Properties 
of Ice 


— = 


Coefficient of cubical expansion (10° C to 0° C)— 
0.00016/° C 
Tensile strength— 98-112 pounds per square inch* 
142-223 pounds per square incht 
Crushing strength—327—1,000 pounds per square 
inch 
Modulus of elasticity, between 0° F and 23° F— 
0.392 X 10° pounds per square inch 
Dielectric constant—between 60 and 78 (86.4 at 
1,000 cycles) 
Resistance 7.22 X 107 ohms per centimeter 
Breakdown voltage 0.011108 volts per cubic 
centimeter 
Density—0.91676 at 0° C (maximum water density, 
1.0, occurs at 4° C) 
Latent |heat of fusion—79.67 calories per cubic 
centimeter 
Specific heat—0.49 at 0° C 


* Hess. < 


+ American Civil Engineers’ Pocket Handbook. — 
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that is, direct connected or fourth bearing, 
guide plates. 

(b) Crank of fourth bearing, when used, 
shall be parallel to the switch bearing 
cranks. Toggle connections shall not be 
used for comparative testing. 


3. Water to be introduced in a manner to 
cause it to descend upon the switch at any 
angle not exceeding 45 degrees off of vertical. 
The water to be in the form of finely divided 
drops spread uniformly over the area oc- 
cupied by the switch, interphase connecting 
rods, operating rods, and operating mecha- 
nism. 


4. Spray for preliminary period of one 
hour. Test chamber temperature not to be 
less than 40 degrees Fahrenheit nor greater 
than 70 degrees Fahrenheit. 


5. Over period not exceeding three hours, 
drop the test chamber temperature to 25 
degrees Fahrenheit, + 5 degrees Fahrenheit, 
meanwhile continuing spraying. 


6. Continue spraying at 25 degrees Fahr- 
enheit, + 5 degrees Fahrenheit, until de- 
sired ice thickness is obtained. The formed 
ice shall be windowpane clear in appearance 
and shall be free of crevices and knobular 
crystal clusters. 


7. After cessation of spray, the switch shall 
stand for three hours at 20 degrees Fahren- 
heit, + 2 degrees Fahrenheit, to equalize 
temperatures throughout the ice and metal 
masses. 


8. Operate the switch at 20 degrees Fahren- 
heit, + 2 degrees Fahrenheit. 


9. The thickness and uniformity of ice 
formation shall be determined by measuring 
at six points the thickness of the solid ice 
formed on the upper surface of two 1!/, 
inch diameter sample bars placed with their 
axes parallel to the ground and with their 
lengths traversing the entire area occupied 
by a plane projection of the switch and 
mechanical control parts. 


10. The minimum thickness when meas- 


ured in accordance with item 9 shall be 3/4 
inch. 


Table Il. Operating Resistance of Various 
Members of a 3-Pole 600-Ampere, 34.5-Kv 
A\ir-Break Disconnecting Switch When Coated 
with 1-inch of Clear Ice at 24 Degrees 


Fahrenheit 
_ = 
Maximum 
Resisting 
Moment 
Measured 
on Vertical 
Operating 
Pipe, Inch 
Component Pounds 
Locking plate (for torsional operat- 
PRMNCCHATUSII) 50sec sen envae nee 500 
Beet PIATES (2) ie ee wee 4,000 
Interconnecting rods and bearing 
SRP tal fo ecauplisiiviae<a e\'eselsya nt» lly 5,000 
Switch mechanism (3-poles) 
To initiate motion of rotating in- 
> CLEC IN GS, cxch on Mt ALASE CCR ECROROIRE: SeONERHETC 4,500 
To fracture ice at hinge and con- 
WEEDS atic oo 6o a) 06 890900 Sv RLRUS) 68s 7,000 
To continue to turn blade and lift 
clear of contact—without arc- 
REMI eet ts Fe vist s she pslo.s. es adie 5,000 
with arcing horns.............. 8,000 


Total, based on using arcing horns.....29,000 
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Attempts to test the strength of an ice 
coating by some simple means, such as 
striking with a hammer, are unreliable 
because too much variation in impact 
energy and angle of impact is possible. 
The most reliable measure of strength is 
to ascertain that the temperature is 
equalized at 20 degrees Fahrenheit and 
that the ice is clear and, therefore, free of 
air inclusions. At normal atmospheric 
pressure, clear ice can. have only one 
strength characteristic at a given tem- 
perature. 


Test Findings and Their Application 
to Switch Design 


Early tests of disconnecting switches 
were in the nature of “go,” “no-go” 
tests. That is to say, after the switch 
had been coated with ice, an attempt was 
made to operate it and it either worked or 
it did not. With this kind of testing, it is 
not known by how wide a margin the 
switch fails or succeeds. However, an in- 
vestigator can observe the principal ways 
in which ice interferes with operation and 
design can be directed accordingly. An 
early design resulting directly from ice 
tests is the basic principle of blade mo- 
tion, which causes the blade to first 
rotate on its axis to release contact pres- 
sure, and then to lift out of contact. 
Carl G. Koppitz introduced this new and 
novel principle in the early 1920’s* and its 
soundness is testified to by the fact that 
practically all switch designs manufac- 
tured today incorporate Mr. Koppitz’ 
basic principle of blade motion. These 
early tests also disclosed the importance 
of wide clearances between parts having 
relative motion. 

Some considerations for proper design 
are apparent from a knowledge of the 
mechanical properties of ice. For ex- 
ample, since its crushing strength may be 
as much as seven times its tensile strength 
a design should avoid any point where 
ice can be brought under compression and 
thereby resist motion of the mechanism. 
Since ice is least strong in tension, it is de- 
sirable for a design to cause ice to resist 
motion only in tension. However, this is 
not practical because rotating members 
emerge from stationary bearings and an 
ice shear point exists at the boundary be- 
tween rotating and stationary parts. The 
next best thing is to minimize such bear- 
ing points as well as the radius of the 
rotating member, which is exposed to the 
formation of ice. To express a basic 
principle, never use two exposed bearing 
points when one will do. For example, 
where the rotating blade joins with the 
stationary hinge, a double bearing con- 
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Figure 2. Relationship between strength and 
temperature for clear ice 


struction spanning the section of blade on 
which is mounted the blade trunnion 
doubles the ice which must be sheared 
when the blade is rotated. Good design 
can avoid this type of construction. 

A practice in more recent tests is to 
measure the actual effort in inch pounds 
of operating moment required on the ver- 
tical operating pipe to overcome the re- 
sistance offered by deposits of ice on vari- 
ous elements of a 3-pole switch. By 
separately mounting the individual sec- 
tions of a switch and selectively shielding 
areas that are to remain clear of ice, the 
resistance offered by deposits of ice on the 
different parts of a 3-pole switch has been 
determined. Table II lists for each part 
of a switch the average of a number of 
tests to determine the interference to 
switch operation caused by ice on the 
part. It is to be noted that a summation 
of the resisting moments offered by the 
individual ice coated parts amounts to 
29,000-inch pounds, which is adequate to 
positively lock a switch against operation. 
Actually, this same 3-pole switch and the 
control parts enumerated in the table 
required only 9,000-inch pounds to oper- 
ate when all parts had been subjected to 
ice formation amounting to one inch of 
clear radial ice. This apparent paradox 
is explained in part by the fact that ice is 
brittle and the fact that there is some 
elastic deflection of parts, for example, 
the torsional twist of the operating rod 
within its elastic limit. More of the ex- 
planation lies in the fact that the brittle- 
ness of ice has been utilized by the de- 
signer in establishing optimum clearances 
at all linkage points so that motion is not 
transmitted to all parts of the switch 
simultaneously. Instead, when the oper- 
ator applies effort to the operating mecha- 
nism, motion occurs in sequence from 
part to part like the starting of a train of 
cars. Thus, almost all of the operating 
effort is available to fracture the ice im- 
peding each of the individual parts. A 
design employing precision connections in 
the several linkages existing between the 
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Figure 3. 


Representative crystal clear ice resulting from recom- 


mended artificial storm conditions 


operating handle and the switch blade 
would cause all of the resisting moments 
to be effective simultaneously and it 
would be impossible to operate the switch 
under any appreciable ice coated condi- 
tion. 

When a good bond exists between ice 
and the surface of a cylindrical part on 
which it is formed, the resistance to rota- 
tion introduced by the ice is a product of 
the unit shear strength of ice, the area of 
the cylindrical boundary existing between 
ice and part, and the radial distance be- 
tween the axis of rotation and the ice 
boundary. Since the shear area is pro- 
portional to the diameter of the cylin- 
drical part, and since the radius over which 
the moment is effective is one-half the 
diameter, it follows that the resisting 
moment of the ice sheath is directly pro- 
portional to the square of the diameter. 
Hence, the resistance offered by a sheath 
of ice on a cylindrical part increases 
rapidly with increase in diameter. This 
fact applied to bearing design dictates the 
smallest possible diameter of shaft con- 
sistent with adequate mechanical strength. 
Furthermore, small clearances between a 
rotating flange and a stationary housing 
must be avoided because ice will form in 
the clearance space and add appreciably 
to the area of ice which will be in shear. 

To demonstrate the principles ex- 
pressed in the foregoing paragraph, six 
different designs of bearings were mounted 
on a plate, which was exposed to a stand- 
ard ice forming procedure until partially 
coated with 5/8-inch of clear ice. The 
artificial rain was projected upon the 
bearings at an angle of 45 degrees, to 
simulate a driving rain storm. No ice 
formed on the lee side of the bearings. 
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Table III tabulates both the effort re- 
quired to start rotation and the effort 
required to continue rotating the bear- 
ings after the resisting ice fractured. The 
effort required to start rotation relates 
directly to the area of ice which covers 
portions of the bearings and offers re- 
sistance to rotation. Consistent with 
theory, the greatest resisting moments 
occurred with either largest radii or the 
largest areas in shear. After rotation has 
started, continued resistance is due pri- 
marily to ice formed within a bearing 
because of water which penetrates to the 
interior. Some resistance is attributable 
to the debris from shattered ice that is 
trapped in small clearance spaces. It is 
significant to note that the bearing re- 
quiring the least effort to start rotation, 
as well as the least effort to continue rota- 
tion, is a design that minimizes both the 
area of shear ice and the radius over 
which it is effective. This design incor- 
porates fully sealed construction to ex- 
clude moisture and dry type bearings to 
avoid corrosion due to lubricant break- 
down. 

Tests were performed upon 32 addi- 


Figure 4. Three-pole switch artificially coated with 21/, inches of hard 
ice 


tional bearings, design F in Table III, to 
demonstrate the resistance to rotation 
caused by internal ice. These bearings 
have an upper and a lower set of balls and 
races. Measured amounts of water were 
intentionally introduced to the interior 
of the housings and the bearings then 
were exposed to a freezing temperature. 
All force measurements are made at 24 
degrees Fahrenheit. Test results disclose 
that a clean, dry, sealed bearing turns 
freely with less than 25-inch pounds of 
applied force. With only sufficient ice to 
fill the spaces between balls and races of 
the lower race, 400-inch pounds are re- 
quired to turn a single bearing. With 
18/, ounces of water, 600- to 1,000-inch 
pounds are required, which means as 
much as 3,000-inch pounds for a 3-pole 
switch. These facts disclose the impor- 
tance of a water proof sealed bearing such 
as has been adopted for the bearing used 
on the switch shown in Figure 6. 
Economical design requires that parts 
be proportioned in a manner that will 
work the metals used as fully as possible 
consistent with acceptable safety factors. 
For a switch that is designed to operate 


To Continue Rotation, 


Table Ill. Operating Moment Required for Different Bearing Designs at 24 Degrees 
Fahrenheit after Exposure to Artificial Ice Forming Conditions 
Maximum Ice Thickness, 5/s Inch 
Operating Moment 
. To Start Rotation, 
Bearing Type of Construction Inch Pounds Inch Pounds 


Urata cr hymen canes Unsealed and dry 


Nao OPN BORTED Unsealed and dry........ 
C...............Semisealed and lubricated 
A ATOM Semisealed and lubricated 
eG oe ee ah Semisealed and lubricated 
Eee eeharehe eee Filly sealed and dry..... 


CRE OTIS ote AT, 624... ia cane tne 
sshd aie savor TD io ven neta 
Eon OArcrtgd ahs ¢ bly daometne orcnicich ch 4) 
Brno oeiAl: io sad HAUL Naesadaon auhae <I 
ROU Cremeans 545 ree sce pe releu eee 
Pee crocs tio 6 136), wider eect nee 
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effectively when ice coated, there is a fur- 
ther incentive for the thrifty use of metal 
because, generally speaking, the more 
weight of metal used, the larger are the 
areas of finished parts, and the larger the 
areas, the greater the opportunity for ice 


to interfere with operation. For the 
same reason, only high strength materials 
are desirable for switch mechanism parts. 
When severe operating effort is applied 
to a switch, heavily coated with ice, the 
strain upon mechanism parts may be 
severe. Careful attention to mechanical 
design is demanded in order to meet both 
the requirement for strength and the re- 
quirements for minimum areas and 
radii. These factors usually are not taken 
into consideration in switch design but 
they must be for best performance. 

The modern trend in switch design is to 
eliminate the flexible connection for- 
merly used at the hinge end of the blade. 
Thinking again in terms of ice operation, 


Figure 5 (left). Same 
switch as Figure 4, 
but immediately 
after opening and re- 
closing 


Figure 6 (right). The 
type TTR-49 switch, 
a design incorporat- 
ing the features 
proven to be neces- 
sary for maximum 
ability to operate 
when ice coated 


the method of current conduction used to 
substitute for the hinge end flexible con- 
nection should be of the enclosed and 
sealed type of contact design, rather than 
an exposed, shuntless contact similar to 
the main switch contact. The latter of- 
fers additional opportunity for ice to im- 
pede the motion of switch mechanism. 

A design, incorporating all of the desir- 
able features learned from the analysis of 
ice studies and tests, and five other 
present-day designs were subjected to 
operation tests, using the standard pro- 
cedure for ice testing suggested pre- 
viously. Tests on these switches differ 
from suggested procedure only in the fact 
that final ice thickness is either 7/8 or one 
inch. Figure 3 illustrates the type of 
clear ice resulting from the standard 
icing procedure. Note that even though 
the switch tie castings are covered by a 
solid sheath of ice one-inch thick, mark- 
ings on the castings are readily discern- 


Table IV. Resistance to Operation of Ice Covered Switches Having Different Mecha- 
nism and Contact Designs 


kt 


Weight of | Operating Effort for 3-Pole Switch 
Switch To Release 
Mechanism Ice Contact To Raise 
Switch and Blade Thickness, Pressure, Blade, 
Design Pounds Inches Hinge End Contact Inch Pounds Inch Pounds 
IN ci SA ae wre hana Se DS a iehetalanserice Enclosed, sealed con-........ G6 GO0OSe mare se 9,000 
tinuous contact 
18) Gen ERC CU ieee fort ee ee DS ene Serer Enclosed, unsealed........ 6) 900RRereiere 14,000** 
continuous contact 
reese evista s AG’ omucisee stare LD Trane oer Exposed, make and........ RGU Oras aitsth b 9,900 
break contacts 
DNL S aihaks: syst es Ail acathcpeh iat Meare tate Exposed, make and........ LS OO sieves 11,800 
break contacts 
iS 04 Aes 2; eeemrare ele Li) Mees Blextble braids. 2 je. enc n oss A’ OOO svcex gaia ate 11,200} 
18 aoa eelcnee Sa AD ceehe eneiae oe Ty Aeeee Exposed, make and........ LSE 200\ eee 7,100 


break contacts 


* Railway and Industrial Engineering Company type TTR-49, same as illustrated in Figure 6. 
%k 8 .400-inch pounds moved the blade out of the contacts but the maximum available effort of 14,000-inch 


pounds opened the blade only 50 degrees. 


+ 11,200-inch pounds opened blade to 75-degree position. More effort was not applied because the mecha- 


nism driving crank fractured on one pole. 
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ible. 
of these tests performed upon the various 


Table IV summarizes the results 


designs. All designs have the same volt- 
age and current ratings. The operations 
were performed at 22 degrees Fahrenheit 
+2 degrees Fahrenheit. Operating rods, 
interphase connecting links, and rotating 
insulator bearings were shielded to con- 
fine the test to the switch mechanism. 

Designs B and E were incapable of 
being completely opened because of con- 
struction at the hinge end permitting ice 
to be placed under compression between 
parts of the mechanism. In the case of 
design B, the pressure was so great that 
the ice under compression was com- 
pletely pulverized but since it had no 
place to go, the pulverized ice remained 
in position to impede operation. In sup- 
port of the principle of thrifty use of 
metal, it is to be noted that designs C and 
F, which are the two using the greatest 
weight of metal in the mechanism, re- 
quired high efforts for operation. As a 
further demonstration of the principle, 
design D was so severely damaged in the 
opening operation that two poles would 
not make contact when the operator 
tried to reclose the switch. Damage 
consisted of deformation of the blade 
trunnion, caused when the forked link of 
the mechanism tried to twist the blade 
against the resisting moment existing at 
the ice locked contacts. Design E erred 
on the side of not using adequate ma- 
terial. Even though operating against 
only 7/8 inch of ice, a key part of the 
mechanism deformed and fractured on 
two of the three poles. 

Except for design E, design A uses the 
least material, but the material is used so 
effectively that successful operation was 
achieved with no visible damage to parts. 
In an effort to find the ultimate capacity 
of this design to operate under an ice: 
coating without damage to parts, it was. 
coated again with solid ice, this time 21/4, 
inches thick. Figure 4 shows the extent: 
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of this coating as it appeared on the 
switch prior to operation. By means of a 
heavy pipe inserted in the handle socket 
of the operating mechanism, increasing 
force was applied on the operating rod 
until the 3-pole switch opened. Figure 5 
shows the appearance of the switch im- 
mediately after it had been opened and 
then reclosed. Note that when the ice is 
as thick as that used for this test, it spalls 
off of mechanism parts in large sections. 
Detailed examination of all poles of the 
switch after the remaining ice had melted 
off, disclosed absolutely no damage what- 
ever to any mechanism parts. 


Summary 


A plan to design outdoor disconnecting 
switches to operate when covered with 
glaze ice presents a need for a rigorous and 
reproducible procedure for ice testing 
different types of designs. Formulation 
of a testing procedure must be preceded 
by a knowledge of the properties and 
characteristics of ice itself in order that 
the method will be reliable and in order 


that the results of tests will be intelli- 
gently interpreted. The results of tests 
made in accordance with the procedure 
suggested in this paper have been used to 
guide the design of the switch illustrated 
in Figure 6. The features of design 
necessary to achieve operation of an ice 
covered switch with minimum effort and 
without damage to the switch mechanism 
may be summarized as follows: 

1. Dry type, rotating insulator bearings, 


positively sealed against moisture penetra- 
tion. 


2. Liberal clearances between all parts 
having relative motion—for example, be- 
tween insulator driving crank and switch 
base, and between forked link and tie cast- 
ing. 


3. Rounded contours on switch mechanism 
parts to facilitate clearing fractured ice 
from the parts when the switch is being 
operated. 


4. No opportunity for ice to be brought 
under compression between two or more 
parts of the switch mechanism. 


5. Use of noncorrosive alloys, having a 
high yield strength, and proportioning of 
parts to work the alloy to its full capacity, 
thus minimizing size. 


6. Release of main contact pressure prior’ 
to lifting the blade from the contacts. /) 


7. Enclosed, sealed continuous contact 
current path at the hinge end. 


8. Small radii on the portion of rotating 
members adjacent to their stationary bear- 
ings. 


9. Avoidance of exposed dual bearings. 


Generally speaking, no single feature 
of design has a decisive effect upon the icé 
operating ability of a switch, although 
some features have a greater influence 
than others. The studies and tests re- 
ported show that it is attention to detail 
in all of the features enumerated above 
that is necessary to produce a design 
which is effective in overcoming the re- 
sistance to operation imposed by ice. 
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Discussion 


W. B. Morton (Pennsylvania Power and 
Light Company, Allentown, Pa.): The 
high-temperature freeze techniques covered 
by this paper were promoted at the instiga- 
tion of engineers of the Pennsylvania Power 
and Light Company, as a result of years of 
investigation into the vagaries of sleet for- 
mation and much experimentation with 
various kinds of sleet-melting devices on a 
transmission system covering 9,500 square 
miles of territory that is highly vulnerable 
to sleet formation. It was discovered in 
these investigations that no disconnecting 
switches on the Pennsylvania Power and 
Light Company system, of any manufac- 
turer, were entirely immune to freezing fast 
and becoming inoperable in service, despite 
elaborate ice testing by the manufacturers in 
the laboratory. 

This experience led to one obvious con- 
clusion—that current experimental practices 
were inadequate to produce the conditions of 
ice formation actually experienced under 
field conditions. Thus, a new concept of 
ice-freezing technique was developed and 
promoted by Pennsylvania Power and Light 
Company engineers with results outlined in 
the paper. This detailed procedure is writ- 
ten into all Pennsylvania Power and Light 
Company disconnecting switch specifica- 
tions. 

The paper should lay more emphasis on 
the important fact that this new concept of 
ice testing differs from all previous ones in 
that it is based on a high-temperature slow 
freeze, in contrast to the previous univer- 
sally accepted, but erroneous, thinking that 
low-temperature quick freezing is a true 
criterion of field conditions. Moreover, an 
important consideration early discovered in 
the Pennsylvania Power and Light Com- 
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pany investigations is the necessity for 
thoroughly spraying the equipment for at 
least an hour prior to the test with pre- 
cooled water, artificially agitated (as a sleet 
storm usually is preceded by rain before 
reaching the sleet stage), to insure that 
water has penetrated all crevices and inter- 
stices. This penetration under field condi- 
tions is one of the major causes of some 
switch failures that are not detected in the 
obsolete laboratory “quick freeze, low tem- 
perature”’ testing. 

The paper also should emphasize that the 
needed revisions to the AIEE standards for 
disconnecting switches should require that 
they be ice tested in both open and closed 
positions. Also, an impact test is desirable 
not to determine the strength of the ice, but 
to determine the adhering qualities. 


J. B. Owens (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): In this 
excellent paper the authors have described 
two fundamentally different ice tests for 
outdoor air switches. One test, which is 
termed a “performance test,” is designed to 
duplicate the conditions which actually oc- 
cur in the field during a severe ice storm. 
The second test, which is termed a ‘“‘com- 
parative test,” does not attempt to follow a 
temperature and precipitation program 
which duplicates nature. This test is de- 
signed to utilize a set of conditions which 
can be duplicated readily from test to test. 

There is still a wide difference of opinion 
as to the particular set of natural conditions 
which produce the greatest difficulty in 
switch operation. It will therefore be very 
difficult to design a single performance test 
which will be acceptable to all members of 
the industry. However, there is a great 
need for a standardized comparative test 
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which will give consistent results and will 
provide fair comparisons between various 
designs. Such a test should not depart 
radically from natural conditions; how- 
ever, reasonable departures should be ac- 
ceptable provided the resulting ice coating is 
of high strength, is well bonded to the 
switch, and is well distributed over the en- 
tire switch and operating mechanism. 

Experience in ice testing in the cold room 
in East Pittsburgh indicates that the com- 
parative test outlined by the authors will 
give a reasonable test on air switches with an 
ice coating comparable to that produced by 
nature. The suggestion that the actual 
operation always be performed with the en- 
tire iced switch equalized to 20 degrees 
Fahrenheit is an excellent one, since this 
tends to produce more consistent results and 
fairer comparisons between tests. 

The only item of the testing program 
which appears to prolong the test unneces- 
sarily is the temperature during preliminary 
spraying. This spraying is highly desirable, 
since it gets water into all the crevices of the 
switch structure before freezing begins. 
However, it seems unnecessary to maintain 
the test chamber temperature above 40 de- 
grees Fahrenheit during this 1-hour period. 
As long as the temperature is above 32 de- 
grees Fahrenheit the desired result is ob- 
tained, and by doing this spraying in the 
vicinity of 35 degrees Fahrenheit, the total 
testing time measured from the beginning 
of the spraying is reduced. 

In listing the design features necessary to 
achieve operation of an ice-covered switch 
with minimum effort, the authors mentioned 
the release of contact pressure before blade 
rise begins. They overlooked, however, the 
importance of enclosing the mechanism 
which provides this blade motion. While 
they mention the difficulties induced by ex- 


/ ‘ 


AIEE TRANSACTIONS 


_——_ ——_— - 


posed bearings, they depict a switch in 
which the blade-actuating linkage is 
mounted directly on top of the switch with 
at least three exposed bearings. J. B. 
Owens! depicts a switch which embodies the 
same blade motion as the switch described 
here and at the same time provides total 
enclosure and complete ice protection for 
the blade-actuating mechanism. 

The authors are to be congratulated for 
the thoroughness of their analysis of the ice 
testing problem. We heartily endorse their 
proposed program of developing a stand- 
ardized testing procedure for comparison of 
switch designs. 
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S. C. Killian (Delta-Star Electric Company, 
Chicago, Ill.): The operation of the outdoor 
air switch under artificial ice is rapidly 
generating a whole new literature. Several 
articles and AIEE papers in the past year 
have dealt with this question and, like any 
good discussion, this variety of opinion 
ultimately will produce some sort of testing 
standard and the industry will be the better 
for it. The Delta-Star Electric Company 
recently has installed an ice chamber for 
switch testing also, and as more of this type 
of equipment becomes available, a wider 
cross section of data will be available. 

The authors of this paper are to be com- 
mended for their precise outlining and also 
for the introduction of several new require- 
ments into the test program, such as a 
resting period between the cessation of 
spray and actual operation, a limited tem- 
perature at which switch operation must 
take place, and the introduction of sample 
bars to measure ice thickness. 

I do not believe that the authors are 
justified in their statement that “rubber 
ice,” a high-strength thin ice formed at some 
optimum temperature, is to be ignored. I 
am sure that we should hesitate to guarantee 
that we have duplicated in the laboratory 
every combination of circumstances in na- 
ture, such as temperature of the equipment, 
temperature of the precipitation, rate of 
precipitation, condition of the precipitate, 
wind velocity, and many other possible 
variables. We know that in nature very 
tough ices form under what seems to be 
some optimum condition, and we should 
admit that we are testing under some set of 
standard conditions which is the best we 
can do, but this does not necessarily include 
everything that Mother Nature might drop 
on us. 

With the elimination of the flexible braid 
from vertical break switches, the construc- 
tion of the hinge contact becomes very im- 
portant. A variety of hinge contact designs 
is now available. Besides the ice angle, 
other extremely important points, such as 
minimum number of parts, minimum num- 
ber of current interchange surfaces, avoid- 
ance of small spring members, and accessi- 
bility for inspection, must be considered. 
For the small gain in reducing operating 
effort under ice, we should not apparently 
sacrifice all three of the latter precepts and 
have permanently locked from view the 
very troubles which the use of additional 
current interchange members and small 
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springs may likely produce. An exposed 
hinge contact, on the other hand, increases 
operating effort only slightly bezause of the 
short moment arms involved and does allow 
the use of minimum current interchange 
members, large springs, a better noncramped 
contact design, and accessibility for inspec- 
tion at all times. 

There certainly is no doubt that ice forma- 
tion is important in design. But let us not 
grow so enthusiastic about this urge toward 
ice-test standardization that we lose sight 
of many other extremely important factors 
in switch design. 


A. H. Powell and H. R. Harrison (General 
Electric Company, Philadelphia, Pa.): Ap- 
parently increasing attention has recently 
been paid to ice problems on switches by 
both user and manufacturer. Some users 
are including requirements in their speci- 
fications, while others indicate, in a general 
way, the need for switches which will operate 
under ice conditions. The authors are to be 
commended for the comprehensive manner 
in which they have approached the ice 
problem, for much new and interesting data 
have been accumulated. 

Some suggested procedures for making 
tests so that results can be easily duplicated 
are given in the paper, along with observa- 
tions about the formation of ice and its 
characteristics. Several comments on these 
items appear to be in order. 

The superiority of tests on a 3-pole switch 
as compared to a single-pole switch is 
questionable, for it would be difficult to ob- 
tain a uniform thickness of coating of ice on 
all three poles because of the larger pro- 
jected area to be covered by the spray, un- 
less the freezing room and facilities were 
large and a sufficient number of spray 
heads were used to assure formation of ice 
uniformly. This seems to be the case in the 
pictures (Figures 3 and 4), where the near- 
est poles apparently have considerably more 
ice on them than the pole farthest away. 

Water introduced at an angle from above 
the specimen to be tested will result in ice 
formation on only one side of the switch. 
The paper describes tests on bearings where 
the water was projected at an angle of 45 de- 
grees and no ice was formed on the lee side 
of the bearings. The water should be pro- 
jected from spray heads or nozzles on each 
side so the ice formed will be uniform on 
both sides of the switch. The configuration 
of the spray head should be specified, to- 
gether with the water pressure and the tem- 
perature of the water at the spray head. 
Adequate preliminary spraying is necessary, 
but the suggested period of one hour is 
questionable. After the switch parts are 
thoroughly wet, they cannot be made to ab- 
sorb any more moisture by continued wet- 
ting. Tests we have made show that the 
temperature of the room during the freezing 
period should be lower than +20 to +30 
degrees Fahrenheit. Before standards are 
established, tests should be made to obtain 
more data as to the correct temperature for 
strongest ice formation. Also, the authors 
state, ice has a greater strength in shear 
than in tension. However, we have found 
that ice has very little strength in shear and 
will break readily in shear upon impact. 
Switches should be designed with this in 
mind. 

As a general comment, it appears that two 
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items have been overlooked in the paper. 
First, the need for tests with the switch 
frozen open, and then closed. This might 
be the more common case in actual practice. 
Second, the effect of ice accumulation on 
high-voltage switches, 115 kv and above. 
These switches present a more severe condi- 
tion than is met with the 34.5-kv switch 
covered in the paper under discussion, be- 
cause of the longer blades and the difficulty 
in obtaining sufficient operating torques to 
break the ice. This is especially true when 
the switches are motor-operated, as is more 
often the case with high-voltage than with 
low voltage switches, 69 kv and below. It 
would seem, therefore, that these two prob- 
lems must be checked more thoroughly be- 
fore attempting to prepare any standardized 
testing procedures. 

If switches must be operated under ice 
formation frequently enough so that the 
subject is of sufficient importance to the 
user, it is suggested that appropriate com- 
mittees be set up to study the problem and 
to recommend standards. The manufac- 
turer and user then will have a common 
understanding of the problem so that the 
switches can be designed adequately and 
tested properly. 


G. E. Heberlein and E. J. Field: The 
authors appreciate the interest shown in the 
subject of this paper. Some of the discus- 
sions indicate that we need to clarify fur- 
ther some of the objectives and findings 
that are reported in the paper. 

The excellent work done by Mr. Morton 
and his associates resulted in the only stand- 
ard to reach our attention that was ade- 
quate to serve as a tentative industry 
standard, while the subject of ice testing 
was being explored further. We are in 
agreement with their high-temperature 
concept of spraying at elevated tempera- 
tures to saturate the equipment prior to 
freezing. Mr. Owens refers to this point 
too, but we do believe that a starting tem- 
perature above 40 degrees Fahrenheit im- 
poses a greater hardship on the switch. 
Any decreasing air pressure within cavities 
accompanying a decreasing temperature 
tends to draw in moisture. This influence 
will be greater at higher starting tempera- 
tures. 

The paper calls attention to a new con- 
cept of ice formation, which is to maintain a 
balance between the variables—room tem- 
perature, water volume, size of drops, and 
air flow velocity—such that, regardless of 
ambient temperature, the surfaces upon 
which ice is forming are continually washed 
by falling water. Ice formation then takes 
place at the boundary existing between the 
ice and the enveloping moisture film, and 
this boundary retains a constant tempera- 
ture of 32 degrees Fahrenheit. Proper 
balance of the variables permits crystal clear 
ice to be formed at any subfreezing ambient, 
at least down to the minus-10-degree limit 
of our test chamber. As pointed out in the 
paper, the strength of the air-free ice is then 
related directly to its equalized tempera- 
ture. 

Air agitation of the falling moisture can 
serve the useful function of creating a more 
uniform precipitation pattern. This result 
also can be achieved by proper design of 
orifices and the arrangement of nozzles over 
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the test area. Either method can be util- 
ized. 

Ice tests have disclosed interesting facts 
relating to hinge-end mechanism and con- 
tact designs, discussed by Mr. Owens and 
Mr. Killian. Enclosing the mechanism that 
imparts a rotating motion to the blade does 
reduce the effort required for this phase of 
operation, but this gain is offset by an in- 
crease in effort required for the subsequent 
blade-lifting phase of the opening operation. 
The effect of exposed contacts is illustrated 
in Table IV of the paper. For the initial 
contact-releasing phase of operation, de- 
signs C, D, and F require essentially double 
the effort of designs A and B. These test 
results are consistent with theory, since the 
latter designs present only half the area of 
ice that must be sheared by the operating 
effort. In addition to reducing operating 


effort, an enclosed hinge contact lends itself 
to a simplicity of design that appreciably 
reduces the number of parts involved. 

Messrs. Powell and Harrison call atten- 
tion to single-pole testing. A designer can 
derive much valuable data from single-pole 
tests, but only 3-pole tests can provide a 
direct measurement of the interference in- 
troduced by ice formations covering a com- 
plete switch, inclusive of its operating con- 
trol and interpole connections. Uniform ice 
coverage over extended areas can be ac- 
complished by methods already described, 
but in order to confine the dimensions of 
test facilities within practical bounds, it may 
be desirable to limit 3-pole testing to classi- 
fications below 220 kv. 

The 45-degree bearing test described in 
the paper was an intentional effort to simu- 
late on one side ice build-up such as could 
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be caused by a driving rain. Using our co't- 
cept of balancing the variables, auxilidry 
angle sprays are unnecessary to fully sur- 
round the test equipment with ice. 

Since the majority of the disconnecting 
switches in service are installed “normally 
closed,” it is natural to place greater design 
emphasis on ability to operate from a closed 
position. We agree, however, that closing 
tests from a frozen open position should not 
be overlooked. The same standardized 
test procedure is applicable to either type of 
test. 

The many closing tests that we have 
performed disclose few design considerations 
that differ from those of an opening opera- 
tion. Each of the performance features 
enumerated in the summary of the paper is 
applicable to closing operations as well as to 
opening operations. 
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Thermal Transients on Buried Cables 


F. H. BULLER 


MEMBER AIEE 


N THE early days of the electrical in- 
dustry, most engineers were not 
greatly concerned with transient ratings. 
If equipment performed as required under 
continuous load, they were satisfied and 
equipment was rated accordingly. 

Now, there are many cases where ap- 
paratus does operate for long periods at 
full load, or substantially so. Obvious 
examples are certain types of ventilating 
fans and pumps, marine propulsion 
equipment, and base load generating sta- 
tions. Such equipment, and the cables 
serving it, must, of course, be rated on a 
continuous basis; but most power cables 
handle diverse and fluctuating loads, and 
rately if ever reach temperatures corre- 
sponding to peak loads continuously 
maintained. 

It is, of course, very conservative to 
rate such cables on a continuous basis; 
but, while this procedure can sometimes 
be justified on the basis of potential load 
growth, the importance of continuous 
service on a particular circuit, or some 
consideration of that nature, it gives rise 
to increased investment cost, and can 
only be justified for particular applica- 
tions and not as a general policy. 

The existence of thermal transients on 
cable circuits, and the possibility of using 
the thermal time lag of such circuits to 
realize economies without violating ex- 
isting temperature rules were recognized 
a long time ago. In England, transient 
heating tests are reported in the literature 
as far back as 1911;! and in 1923 Melsom 
and Booth published a technique for cal- 
culating transient ratings on low-voltage 
cables in air,” obviously with copper 
economy in mind. In 1927, S. White- 
head‘ gave a formula for transient heat- 
ing of buried cables. It was an interest- 
ing, but not altogether satisfactory, varia- 
tion on the exponential integral formula. 
In 1938 Whitehead and Hutchings® pre- 
sented this formula as part of the recom- 
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mended technique for transient ratings of 
buried cables, under the auspices of the 
British Electrical and Allied Industries 
Research Association. 

American practice has tended to stress 
the cyclic character rather than the 
transient character of fluctuating loads, 
when attempting to gain economies by 
allowing for load fluctuations. British 
engineers were doubtless discouraged 
from so doing by a series of tests, reported 
in 1923° which show surprisingly little 
temperature difference between cyclic and 
continuous load, heating even at low load 
factors. These tests were based on 
directly buried cables, and on small cables 
drawn into very light duct structures, not 
deeply buried. These results do not 
necessarily apply directly to American 
practice, which involves almost exclu- 
sively the use of massive duct banks, 
deeply buried and heavily loaded with 
large cables, and which, until very re- 
cently, involved practically no buried 
cable. American correction factors for 
different load factors were first widely 
publicized in 19331! although they had 
been in general use for sometime before 
that. 

Despite the stressing of the cyclic fea- 
ture of fluctuating loads, American engi- 
neers by no means neglected transients 
per se. In 1929, N. P. Bailey published a 
formula for transient heating of buried 
cables.6 W. B. Kirke in 1930 published a 
transient technique for use on cables in 
ducts; but he seems to have considered 
the soil component of the transient to be 
negligible.” E. A. Church in 19318 and 
again in 1935!% presented a very inter- 
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esting theory, based on Fourier analysis, 
covering both transient and cyclic loads 
on duct cables. He seems to have been 
inclined to include the thermal constants 
of the duct bank itself but to neglect those 
of the soil in obtaining his results. 


In 1931 Shanklin and Buller,? pub- 
lished an exhaustive transient analysis 
for cables i air, primarily intended to 
solve the oil demand problem; they gave 
a simple (and approximate) correction 
factor to allow for the effect of the earth 
in the case of buried cable and duct cable. 
Miller and Wollaston,!?* in a slightly dif- 
ferent approach to the same problem in 
1933 omitted the earth component of the 
transient from their mathematical work, 
and suggest that an empirical correction 
be used to take care of it. 

About 1935, a more active interest in 
thermal transients per se, as distinct from 
their use in oil demand calculations, be- 
came apparent. This is emphasized by 
the publications of Church'’ and Kidder." 
In 1942 Eaches,'*!© made recommenda- 
tions which carried weight with at least 
one major utility. Very little work on 
this subject seems to have been done 
during the war however, doubtless due to 
pressure of more urgent matters. 


Since the war, thermal transients on 
buried cables, pipes, and other cylindrical 
heat sources have assumed a very con- 
siderable importance in many fields; 
transcontinental transmission of petro- 
leum by pipe line, and heat pumps, as well 
as buried cables. Moreover, in the cable 
industry, interest in this matter has been 
stimulated by the increased use of pipe 
cable, and by the serious consideration of 
buried cable in many cases where duct 
cable was formerly used exclusively. 
Questions have been raised about thermal 
transients and the effect of cyclical loads 
on such cables. Do the old formulas, 
which are known to be reasonably satis- 
factory for duct cables, apply equally well 
to pipe cable? 

In 1947, Carslaw and Jaeger’s impor- 
tant book” on heat conduction was pub- 


*F, O. Wollaston published a refinement?’ of this 
method in 1949, for cases where 3-conductor 
cables are involved. 


Buller—Thermal Transients on Buried Cables 45 


lished; this book contains much material 
beating on the subject of underground 
heat conduction of line and cylindrical 
sources, as does Ingersoll and Zobel’s 
book,” and Ingersoll and Plass’ paper™ 
published in 1948. H. L. Knudsen” 
offered another solution in the same year. 
The technique of numerical analysis as 
presented by Dusinberre although en- 
tirely different from any of the other 
methods of handling the problem which 
will be discussed herein, is well worthy of 
consideration, especially in extending ex- 
isting and proposed solutions to cover 
more complex conditions. 

From the foregoing discussion, it should 
be evident that thermal transients on 
buried cables are a matter of importance 
from many points of view. Not only are 
the copper size and the economics of the 
system affected materially by these 
transient phenomena when an overload 
rating is required, as is so often the case 
nowadays; but any logical theory of 
cyclic loading and effect of load factor on 
rating should be based on a sound thermal 
transient theory. Again, oil demand is a 
direct function of the temperature tran- 


sient; and by using a suitable formula, the 
mutual heating between adjacent buried 
cables during the transient period can be 
determined if required. 


Comparison of Available Formulas 


With all this background of interest and 
investigation, it is reasonable to expect 
that there will be a good many formulas 
and techniques for calculating thermal 
transients on buried cables. Such, indeed, 
proves to be the case. It is proposed to 
examine these formulas, to determine the 
advantages and limitations of each, and 
to establish a criterion by which their 
relative accuracy can be judged. 

The formulas, in general, are found to 
fall into two groups: semiempirical for- 
mulas and Bessel cable* formulas. 


* This terminology is due to Oliver Heaviside, who 
defines a Bessel cable as a cable in which conduct- 
ance and capacitance (thermal or electrical) per- 
unit length are directly proportional to the distance 
from a fixed point on the cable, which may con- 
veniently be called the origin. While practical 
cables are not built in this way, the equations of the 
Bessel cable are identical with those for radial 
conduction in a homogeneous medium. Thus the 
term ‘Bessel cable’’ may be regarded as a conven- 
ient way of referring to a field in a homogeneous 
medium in which conduction is radial. 


List of Symbols 


Wy =loss in cable or pipe, watts per centi- 
meter assumed to be applied at time 
{ =s() 

7, =surface temperature rise of cable or 
pipe, degrees centigrade 

1, = copper temperature rise, degrees centi- 
grade 

R and Ry=empirically determined coeffi- 

cients used in formula 1 and formula 

2 respectively 

oy, =empirically determined expo- 

nents, used in formula 1 and formula 

2 respectively 

p’=soil thermal resistivity, degree centi- 

grade centimeter per watt 

thermal capacity, watt-hour per 

degree centigrade per cubic centi- 

meter 

kesoil thermal diffusivity, =1/p’¢ centi- 
meter squared per hour 

time, hours 


aw and 


7 = soil 


yeradius of cable or pipe surface, centi- 
meters 

Dedepth of burial, centimeters 

Q=total thermal capacity of buried cable, 
or, in the case of pipe cable, of the 
pipe and its contents, watt-hour per 
degree centigrade per centimeter 

Qi «thermal capacity of conductors, plus 
1/2 of thermal capacity of insulation 
of buried cable or pipe cable, watt- 
hour per degree centigrade per 
centimeter (See Figure 1) 

Q,=thermal capacity of finish (sheath and 
armor, jacket, and so forth of buried 
cable or skid wire and shield of pipe 
cable) plus 1/2 of thermal capacity of 
insulation; plus thermal capacity of 
oil or gas in pipe, in the case of a 
pipe cable, watt-hours per degree 


centigrade 
ure 1) 

R,=insulation thermal resistance of buried 
cable; insulation thermal resistance 
plus 1/2 of thermal resistance from 
cable to pipe (pipe cable), degree 
centigrade centimeter per watt (See 
Figure 1) 

R,=thermal resistance of finish (jacket, 
armor, etc.) of buried cable; 1/2 of 
thermal resistance from cable to 
pipe (pipe cable), degree centigrade 
centimeter per watt (See Fig- 
ure 1) 

x =distance (greater than 7) from the center 
of a cable buried in the earth, centi- 
meters 

B and wy variables of integration, used in 
defining the integrals in formulas 3A, 


centimeter (See Fig- 


4A, and 5 

pi and f,=exponents, defined in Ap- 
pendix II 

T, and T,=coefficients, defined in Ap- 
pendix II 


p=d/dt (the Heaviside operator) 
M, =Q,/2nqr? 

M2 =(Q2/2mqr? 

N= p'/2rR, 

Nz =p'/2rRe 

c=%/7 


b= = —jur 
Jo, Jay Yo, Var Io, qh, Ko, K, are Bessel func- 
tions, defined as in reference 17c.* 
Fo) = Mi M2 Nop3—( M+ Mz) Ni Nop 
F(o) = Mi Mog¢4—(M,N2+ M.M+ 
M,N1)¢?+ Ni No 


- Note that the functions designated by Yo and ¥i 
in that reference are the same as those designated 
by No and Ni in reference 24, 


SEMIEMPIRICAL FORMULAS 
The Simple Exponential Formula 
T,; =WoR(1—e" *) (1) 


This is the earliest, simplest, and least _ 
exact of the available formulas. It gives — 
cable surface temperature T, only, and if 
copper temperature T, is required, addi- 
tional terms must be used. F 

It is satisfactory for use when the 
change in earth temperature contributes — 
little to the transient under consideration, 
for example, short time temperature 
transients, and especially oil demand 
transients for cable in ducts. (Oil de- 
mand transients depend on rate of change 
of temperature and hence are less affected 
by the relatively slow soil heating com- 
ponents than are the temperature tran- 
sients themselves.) On the other hand, 
the equation is open to question when 
used on directly buried cables. 


Exponential Series Formulas 
These are of the form 
T= We al bee (2) 


This type of formula is attractive from 
the theoretical standpoint, since it is 
known®!° that the solution for the finite 
Bessel cable comes out in this form, and 
since the problem of soil heating is the 
problem of an infinite Bessel cable, and 
its image. Presumably therefore, it 
should be possible to obtain an analytical 
solution in this form. 

N. P. Bailey® attempted to do this in 
his analysis; and while he was not en- 
tirely successful, his method is worthy of 
study from the mathematical standpoint 
by those who are interested in this form of 
solution. 

The two principal champions of this 
formula, as a semiempirical form, are Dr. 
R. J. Wiseman and J. H. Neher. The 
problem is of course to evaluate the em- 
pirical coefficients R, and the exponents 
Q,. Wiseman’s technique involves the 
division of the cable (or pipe) and every- 
thing inside it into two zones, and the 
earth outside the cable into four zones, 
proportioned in a particular way. Each 
zone is treated as an independent unit, 
and coupling between zones is neglected. 
The constants are determined for each 
zone separately. While, from the theoret- 
ical standpoint, such coupling should be 
included, it is reported that this technique 
has worked satisfactorily in some cases. 

Mr. Neher fits an exponential series to a 
curve obtained, preferably, from test 
data, and uses an ingenious method to 
provide coupling between the soil con- 
stants thus obtained and the cable (or 


40 i 


Buller—Thermal Transients on Buried Cables AIEE Tene ' 
= cae 


Ul 
tr 


Ww 

< 
Te ee fe 
5 Fe 
o 
Be 42 
ae a|3 
2 SiS 

Sa 


I 
| ° 
Wo Q, Qo | w 
| x 
WwW 
INTERIOR OF CABLE—>}<——_—— EARTH ——> aw 
c E Bb 
a 
ti 
’ ; Figure 1 (above). Equivalent & 
pipe) constants. This method should alreculeroticablelburedi ini intitle ci 
work well if the necessary test data are earth 


available. In their absence, Mr. Neher 
recommends the use of the Ingersoll in- 
tegral formula as a substitute. Thus, in 
such cases, the accuracy of the Neher 
technique depends, in the last analysis, 
on the accuracy of the Ingersoll integral 
formula. 


Besse, CABLE FORMULAS 


The Exponential Integral and the Ingersoll 
Integral Formulas 


The exponential integral formula takes 
the form 


mee, —"\, 5 —2” 
ne mel bi( +h ki )} - 


amd the Ingersoll integral formula takes 
the form 


len) a 
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Here —Hi(—x) is the exponential in- 
tegral 


ee d B A 
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and (x) is the Ingersoll integral 


oo B2 
€ 

d 
a mee 


Formulas 3 and 4, in spite of the fact 
that they look different, may be proved 
to be identical. Thus they can be treated 
as a single formula for purposes of this 
discussion. (Ingersoll did not originate 
formula 4; but so far as the writer 
knows, he was the first to calculate tables 
of the value of the integral (See reference 
19 pages 253 and 254). Tables of the ex- 
ponential integral will be found in ref- 
erence 22.) 

These formulas are extremely valuable 
and important. It is known! that they 
are very accurate for long times, and fur- 
ther that the effect of the image (the 
second term in the equation in each case) 
is negligible for short times (up to, say, 
24 hours). 

The formulas are, however, based on 
the assumption of a line source, the dimen- 
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Figure 2 (right). 
test results on 3-inch buried cable 
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sions of the cable being taken into ac- 
count by calculating the effect of the line 
source at a distance r, equal to the radius 
of the cable. This is tantamount to re- 
placing the actual cable by a cylinder of 
soil of radius r. This approximation turns 
out to be not nearly as wild as it sounds, 
but is subject to further investigation for 
short values of time. 

Here again the formula gives only the 
temperature at the surface of the cable, 
T,, and does not give the copper tem- 
perature directly. If the copper tem- 
perature is required it is necessary to add 
some extra terms, making allowance for 
coupling in some way. The Neher tech- 
nique is one way of handling this. 

By utilizing these formulas for long 
times, the problem is reduced to finding a 
suitable formula for short times (up to 24 
hours) and then checking it against these 
formulas to determine to what extent they 
should be corrected. 

An interesting variation of these for- 
mulas, involving a cylinder source was 
proposed by Whitehead. It was ob- 
tained by superposition of a series of line 
sources located on the surface of a cylinder 
of radius r. It took the form 


t 
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ahr art | f tN oy ae 


It was presented in reference 5 with the 
integrals worked out in series form; and 
it amounts to an exponential integral 
formula with a correction factor. 

The superposition of a group of line 
sources on the surface of a cylinder of 
radius r gives a thin cylindrical shell, 
situated in the middle of an infinite 
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earth and filled with earth. The image of 
this shell can be included by the use of the 
second term in the foregoing formula. It 
should give better results than the ex- 
ponential integral formula for the case of 
a cable heated from the sheath; but 
where most of the heat, or all of it, comes 
from the conductor, the exponential in- 
tegral formula, uncorrected, is probably 
the more accurate. 


The Carslaw and Jaeger Formulas* 
These formulas take the form 


wv 0 
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Here 


on 
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i= 


and ¢=,r 


The preceding formulas are for the tem- 
perature at a distance x from the center 
of a cable or pipe of radius 7, buried in the 
center of an infinite earth. To get the 
cable temperature, substitute 7 for x in 
the formulas. To get the temperature 
at r due to the image, substitute 2D for x 
in the formulas and reverse the sign of 
Wy. The temperature of a cable buried 
at depth D is of course the algebraic sum 
of the cable temperature and the tem- 
perature due to the image. 


* These formulas will be found in reference 17, 
pages 283, 284. The notation used therein has been 
changed to line up with reference 10. 
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Formula 6 is the temperature transient 
equation for a cylindrical source of zero 
thermal capacity; and formula 7 is the 
equation for a cylindrical source with 
thermal capacity Q1. 

Both these formulas give the surface 
temperature of the cable or pipe, 7, under 
the conditions specified above. Formula 
6 involves no coupling with anything in- 
side the pipe, and formula 7 allows for 
coupling with the thermal capacity Qi. 
Neither of these formulas gives the copper 
temperature directly. 


The Knudsen Formula 


All of the foregoing formulas involve 
certain simplifying assumptions. For- 
mulas 3 and 4 involve the assumption 
that the actual contents of the cable or 
pipe are replaced by a cylinder of earth 
which has the same thermal constants as 
the outside earth. Formula 6 neglects 
the contents of the cable or pipe alto- 
gether; while formula 7 takes the thermal 
capacity of these contents into account 
(as a lumped constant) but neglects en- 
tirely their distribution, and also any 
thermal resistance inside the pipe. 

Actually, if we have a buried single- 
conductor cable, we have two Bessel 
cables in series; a finite Bessel cable rep- 
resenting the actual cable, with inside 
radius equal to that of the conductor, 
outside radius 7, and a lumped thermal 
capacity Q, at the conductor, coupled to 
the second Bessel cable, which repre- 
sents the earth, through an impedance 


representing the thermal resistance of the 
sheath (and armor if any) and the thermal 
capacity of these elements. A 3-con- 
ductor buried cable, or a buried pipe 
cable, is approximately represented by 
such a pair of Bessel cables in series. 

Hans Lottrup Knudsen of the Uni- 
versity of Copenhagen (Denmark) has 
developed a theoretical formula for two 
such Bessel cables in series. He did not 
see fit to use an infinite Bessel cable to 
represent the earth; instead he used a 
finite Bessel cable, of radius Ar, where A 
is some arbitrary constant. He stated in 
his paper”® that A =2 should be satisfac- 
tory. 

A numerical check showed that the re- 
sults obtained using various values of A 
differed considerably. The results ob- 
tained from this formula tended to ap- 
proach those obtained from formula 3 as 
A was increased. It is evident that while 
Knudsen’s fundamental assumptions are 
very accurate, his approximation is not 
satisfactory. Moreover, the formula is 
exceedingly difficult to apply, even in the 
form recommended by Knudsen. 


A New Formula 


All the foregoing formulas seem to be 
open to some questions, either in the fund- 
amental assumptions on which they are 
based, or in the simplifying assumptions 
made in the course of development. It 
would seem that a new formula is desir- 
able, which would fulfill the following 
conditions: 


(B) Itshould give both copper and surface 
temperatures directly, without additional 
approximations. 


(C) If too complicated for everyday design 
calculations, it should be capable of serving 
as a criterion, against which design formulas 
can be checked. 


Such a formula has been derived by the 
writer. The fundamental assumptions 
are those shown in Figure 1. The der- 
ivation will be found in Appendix Ik 
The formula takes the forms shown in 
equations 8, 8A, 8B, 8C, 8D, and 9. 

It will be noted that these formulas are 
based on a simple circuit cousisting of 
lumped constants, in series with an in- 
finite Bessel cable; see Figure 1. This 
simplifying assumption of lumped con- 
stants arranged in this particular way has 
been found to work very well as an ac- 
curate approximation for radial heat con- 
duction in the case of a cable in air, and 
serves as the basis of a practical design 
formula for such cables (see references 9 
and 10 for the corresponding exact Bessel 
cable formulas). It should work at least 
equally well if the cable is buried. On the 
other hand, it greatly simplifies the re- 
sult that would be obtained if the actual 
cable were replaced by a Bessel cable as 
proposed by Knudsen. Thus condition 
(A) is met for all practical purposes. 

Condition (B) is obviously met by using 
formula 9 for the copper temperature, 
and using formulas 8 and 8D as follows: 


1. To obtain the surface temperature of the 
cable due to its own heating, use formula 8D. 


2. Substitute 2D for x in formulas 8C and 8, 
and reverse the sign to get the effect of the 
image. 


R. (A) It should be based on fundamental 
ep a assumptions which represent closely the 
PQ2Ro+1 actual conditions met in practice. 
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Inversion theorem path of integra- 
tion 


Figure 5. 


8. Add the results algebraically. 


With regard to condition (C), it is un- 
fortunate that the integrals are too com- 
plicated to be evaluated in formal terms. 
Fortunately they converge quite rapidly; 
and for values of ¢ greater than ten, they 
can be evaluated as exactly as desired by 
using the asymptotic forms of the Bessel 
functions. This will very rarely be neces- 
sary, however, since such evaluation 
gives a negligible correction factor. 

Mechanical or numerical integration is 
necessary to evaluate the integrals over 
the interval 6=0 to 6=10. The actual 
work of calculating a transient curve of 
T, and T, for one cable or pipe size con- 
sumes about 16 hours. 

Thus, though the formulas are hardly 
suited for everyday design calculations, 
they should be satisfactory as a criterion 
against which other formulas can be 
checked. In this respect they are anal- 


ogous to a laboratory standard instru- 


ment, which is used to check the readings 
of more simple, rugged and versatile but 
less accurate test and switchboard in- 
struments. 
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F,(¢) = M, Mog! — (M1 N+ MaMi+ MMi) ¢? 
+™,\N2 (8A) 

F(¢) = M1 M2Nod?—(Mi+M2)NiN2p (8B) 

c=4/7 (8C) 


T;=temperature in the earth, at a distance 
x from the center of the cable 
T-=copper temperature 


To get T,, substitute r for x in equation 


8C, which gives c=1. Substituting this 
value in formula 8 gives: 
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To get the effect of the image, substitute 
x=2D in formula 8C, and o=2D/r in 
formula 8. 
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Results of Calculations 


COMPARISON WITH TEST RESULTS 


Test data for periods of less than 24 
hours on cable transients are available in 
reference 3. Figure 2 shows how the 
formula compares with these test data. 
The agreement is acceptable; and it 
might have been even closer if the thermal 
resistivity and diffusivity of the soil had 
been more exactly known. These con- 
stants were unfortunately not given in ref- 
erence 3, and it was necessary to esti- 
mate them from the test data presented. 


EFFECT OF VARYING CONSTANTS 


Figure 3 shows the results of calcula- 
tions made on a pipe cable installation 
with a pipe 8°/s inch outside diameter 
under the following conditions: 


(A) Mi=M2=0 


(B) M =0.65N,=N.= © 
(C) M,=0.141 M,=0.509 
Ni=0.415 Na=2.65 


(D) By formula 3 
(a) By. formula 10 (see below) 


Taking case (C) as the standard of 
accuracy, it will be seen 


1. That the exponential integral formula 
gives good results. 


2. That the use of the exponential inte- 
gral with correction factor gives excellent 
results. 


3. That the use of an M value correspond- 
ing to the total thermal capacity of the 
pipe contents (formula 7) gives results that 
check very closely with the exponential 


5. After 24 hours, the exponential inte- 
gral formula agrees very closely with the 
new formula. 


6. The effect of the image during the first 
24 hours is negligible. 


The corrected exponential integral 
formula and the new formula also are 
compared in Figure 2, where the surface 
temperature T, of a 3-inch cable is cal- 
culated. It will be seen that the corrected 
exponential integral still gives good agree- 
ment with the new formula. 


Working Formulas 


As was suspected, the formulas for 
copper and sheath temperatures turn out 
to be too complicated for use as design 
formulas. However, they do give a 
valuable check on the accuracy to be 
expected of the simpler formulas. 

Using the new formulas in this way, 
we can arrive at the following working 
formula (see Figures 2 and 3 for direct 
comparison). 


_ Wop" _y —r —Dp? 
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For copper temperatures 


Te=T,+wol Rit Ro+Ti+T>) 


(11) 


For the evaluation of 7; and T,, see Ap- 
pendix IT. 

These formulas are easy to use, and 
give acceptably accurate results for most 
practical purposes. The author is pre- 
pared to provide a worked example, if 
desired. 


Cables in Ducts 


The new formulas do not apply to 
cables in ducts. Neither the duct radius 
itself, nor the equivalent periphery of the 
duct bank seems to give accurate results. 
The calculations on which this state- 
ment is based were made on a 6-duct bank 
with only one cable loaded, and it is pos- 
sible that a fully loaded duct bank might 
give a more satisfactory correlation. 

This is probably because the structure 
of the duct bank so distorts the heat 
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where high a rate of temperature rise. exponential terms in formula 10 
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field, particularly in the critical region in 
the neighborhood of the cable, that the 
fundamental assumptions on which the 
formulas are based do not hold. While it 
might be possible to find some equivalent 
radius that would make the formulas fit 
reasonably well, it does not seem worth- 
while to try to adapt a complicated 
mathematical derivation to conditions to 
which it is known to be unsuited. 

The best plan is to use formula 3 for 
T,, using a value of 7 equal to the pe- 
riphery of the duct assembly divided by 7, 
and then to get T, from 7, by using for- 
mula 11. The results of this procedure 
are shown in Figure 4 for a particular 
test. 


Conclusions 


1. All present formulas and techniques 
for calculating temperature transients on 
buried cables have theoretical limitations. 

2. A more accurate formula has been 
developed herein in which these theo- 
retical limitations are overcome. While 
too complicated for an everyday working 
formula, it forms an acceptable standard 
of comparison against which such for- 
mulas can be checked. 

3. The exponential integral formula, 
with a simple correction factor, is an ex- 
cellent working formula for the calcula- 
tion of T,. 

4. Copper temperatures may be cal- 
culated with fair accuracy by adding the 
effect of the thermal resistances and 
capacitances inside the cable directly as 
though they acted independently, and 
neglecting coupling between the earth 
part of the circuit, and the interior of the 
cable. 

5. The new formula does not apply to 
cables in ducts. Formulas are given 
which appear to be reasonably accurate 
for such cables on the basis of known test 
results. 


Two Possible Lines of 
Further Investigation 


While the formulas developed herein 
are’ more exact than any given previ- 
ously, and while the test data seem to in- 
dicate that they are close enough for al- 
most any practical purpose, there are 
doubtless investigators who feel that the 
circuit of Figure 1 is too rough an ap- 
proximation. It is, of course, always pos- 
sible to improve this circuit by adding 
more elements of resistance and capacity; 
and, in the limit, it is possible to go to a 
finite Bessel cable as proposed by Knud- 
sen. While the increased precision of such 
a treatment is probably not worth the 
great extra complication involved, it pre- 


50 


sents an interesting mathematical prob- 
lem, which someone may desire to solve. 
A more important practical point is the 
following one: every Bessel cable formula 
in the present paper is based on the as- 
sumption of a homogeneous earth with an 
isothermal surface. While the error in- 
troduced by the departure of the surface 
from the isothermal is practically neg- 
ligible even in the steady state, and is 
even smaller in short time transient cal- 
culations, variations of soil thermal re- 
sistivity and specific heat may not be 
negligible. It is known that the mois- 
ture content of the soil increases with 
depth, although the law relating moisture 
content to depth does not appear to have 
been established; and furthermore mois- 
ture migration toward the cable (by seep- 
age into the back-filled cable trench) or 
away from it (due to heating) produces 
further departures from homogeneity. 
Differential equations with variable 
coefficients are notoriously refractory; 
probably the best method of attacking 
this problem is by some form of numeri- 
cal analysis.” In any case a comparison 
of the calculated results obtained herein 
with test results indicates that these 
effects are probably secondary in char- 
acter and can be safely neglected for 
reasonably conservative loading. 


Appendix |. Derivation of 
Equations 8 and 9 


The differential equation of cylindrical con- 
duction in a homogeneous medium is!” 


oF [er tar a 
dt p’gL ox? | x dx ) 


Expressed in Heaviside form, this equation 
becomes 


Pm es (13) 
The solution of this equation is 
T =AI)(ux) + BKo(ux) (14) 


where u=V pp'g. Now, the heat flow 
is given by the equation 


aye 
pb’ ox 
So that 
2 
W= con [AL (ux) —BKi (ux) ] (15) 


If the boundary condition at x= is T=0, 
then A =0, and 


T= BK (ux) 
2 
Wa BKi(us) (16) 


Referring to Figure 1, let T=T,and W=W, 
at the point E. Then 
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W,=—; 
The thermal impedance of the circuit con- 
sisting of the series resistances R; and Ro, 
and the parallel capacitances Q; and Q2 may 
readily be evaluated by the Heaviside tech- 
nique, which treats a capacitance as though 
it were a resistance of value 1/pQ. Pro- 
ceeding in this way we find that, at the 
point C 


Wo=B[p(QitQ2+pQiQ2R1) Ko(ur) + 
PRK (ur) (1+ BOLRe+ POR + POR 
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Now substitute p=w?/p’q, and write 
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And at the point x, out in the earth, since 
Tx=BK((ux) 
Tx= 
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Now, it is evident that equation 18 can be 
written 


Wop’ F(ur) 
2x Gur) 


: (21) 
In general, F(ur) and G(ur) are complex 
quantities; and, unfortunately there do not 
appear to be any roots of the equation G(ur) 
=0, so that the Heaviside expansion the- 
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orem cannot be applied to evaluate equa- 
tions 18 to 20 as a function of time. It is 
necessary to go to the Laplace Transform, 
and to use the Inversion Theorem to do this. 

There is more than one Laplace Trans- 
form notation. In order to simplify correla- 
tion with the work of those authors, we will 
use the notation employed by Carslaw and 
Jaeger; and we also will use their Bessel 
function, notation. Note that their Y 
functions are the same as the Jahnke and 
Emde JN functions. In this notation 


Wop’ 1 F(ur) Wop’ 
eo, Gur) or” (22) 


This equation gives 7, in the operational 
form, that is, as a function of p. The ex- 
pression (1/p)[F(ur)/G(ur)] is called the 
Laplace Transform of the equation for T,. 
To get 7, as an explicit function of time, it is 
necessary to obtain the inverse transform of 
(1/p)[F(ur)/G(ur)]. This is done by the 
use of two theorems. The first is the one 
called Theorem IV by Carslaw and Jaeger 
(reference 17, page 242) 

1 F(ur) 
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and the second, called the Inversion Theo- 
rem, states that 
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The expression L{x(t’)} should be read ‘The 
Laplace Transform of 2(t’).”’ Writing 0= 
u?/p'q, and L{6}=F(ur)/G(ur), and sub- 
stituting in equation 24 gives 


(23) 


(24) 
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This is an integral in the complex plane. 
Since there is a singularity at w=0, the 
part of integration shown in Figure 5 is used. 
The contour integral around this path, desig- 


nated by the symbol f becomes 


I = Snot Sit Soo 


The integrals on the right-hand side of this 
equation are respectively the line integral 
along the line FE, the line integral along the 
line DC, and the integral around the small 
circle ED enclosing the singularity at the 
origin. Now, by the theory or residues, 


; rl (ur) 
Es uat/pig” Se 
SL, at Res| ‘ine | 
| F(ur)€t¥/?’2 


=21j 
@. G(ur) 
Ou ur 


(27) 


ju =0 


By evaluation of this expression, it is found 
that f up =. To obtain the line integrals 


‘ra and fi substitute u=j\, and use 


Ko(jz) = Lag, o(2) —J Yo(z)] 


(28) 
K,(j2z) = “ [Ji(2) —7Vi(2)] 


Substitute these expressions into equation 
18, and rationalize the denominator, for each 
of these integrals. The sum of the two 
integrals will be found to be 


2W. [” 
mgr?) 4 
(N,N2)?Are— (Ar) 2t/p "ar? 


[{ MM (Ar)4— (No + MN, + 
M,N,)(dr)?-+ MNo} Ari (Ar) + 
{ My Ma (dr)? —(Mi+ Me) Ni} No(Ar)?X 
Jo(dr) 2+ [ { My Ma (ar)4— (.No+ 
M2N,+ MiNi) (Ar)?-+.Ni No} dr Vir) + 
{ Mi M2 (Ar)? —(Mi+ M2) Ni} No(ar)? X 
Yo(Ar) }? 


d(Ar) 


This is the expression for v(t’). To get T, 
from equation 22, this expression must be 
integrated with respect to time, between 
time ¢ and zero. Performing this integra- 
tion, and writing 


\r=¢ 

M,M2(dr)4— (M, No+ M2.Ni+ M1 M1) (Ar)?-+ 
Ni N2= Fi(¢) 

M,M2N2(dr)§— (M+ M2) Ni Ne(Ar) = Fo(¢) 

gives 


2Wop' [ ~ 
ee, 
™ 0 


(N,.N2)2(1 — «— 974/? 07?) 


°[{ Fi(¢)Ji(¢) + Fo($) Jo(¢) } a 
{ Fi(#) Yi() + Fo() Yo(o) }*] 
(29) 


By following the same procedure, it can be 
shown that at a distance x from the center 
of the cable, x being greater than 7 


= Wop’ 


2 


{ Fi(d) [Jo(oe) Va($) — 
Fo() (Jo(ap) Yo(o) — Yolo) Joo) 
gy? 


(i, 74 


di 
PAGO +O P+ 
{ Fi(¢) Valo) + Fo(#) Yo(@) $2] (30) 


And, by substituting «=r in equation 30, 
it is found that, when 


| 
x=r 


2Wp’ [ ~ 
ef 
Tv 0 


F,($) N,No(1 — «7°? dp 


Yo(od)Si(o)] + 
}NiNe 


$3 [{ Fi(p)Ji() + Fo) Jo(#) } 2+ 
| F,() Yi(o) + Fo(#) Vo(o) }2] 
(31) 


The foregoing equations refer to a cable 
situated in the center of an infinite earth. 
To make proper allowance for the actual 
depth of burial in the case of a practical 
cable installation, introduce an image at a 
distance 2D from the center of the cable. 
This can be done by substituting 2D in 
equation 30, reversing the sign of this equa- 
tion, and adding the result to equations 29 


In the foregoing equations, W) is in watts 
per centimeter length. If Wo is given in 
watts per foot, divide by 30.5 to get watts 
per centimeter. 


Appendix Il. Solution for the 
Circuit in Figure 6 


In Heaviside notation, the operational 
equation for this circuit is 


a W(pQ2Ri:Ro+ Rit Ro) 
PPQX02Ri Rt p(Oiki +Q:R.+0Q,R>) 1 


This expression is derived in the usual 
manner, by treating Q; and Q2 as though they 
were resistances, of value 1/pQ; and 1/pQ»2 
respectively, and combining these “‘resist- 
ances’ with the actual resistances R, and 
R; in series-parallel, as shown in Figure 6. 

By using the Expansion Theorem on the 
above expression, it is found that 7,—Ts, 
the conductor rise over the cable surface 
temperature, 7;, is 


—Ts=W(RitRe+1T1+T») 


where 
(Pi1Q2R1R2+ Ri+ Ro) 
2:°Q102Ri Rot 1(Q: Ri + Q2R2+Q1Re) 


Tz is the same expression, with p2 sub- 
stituted for p; 


_ = (Ri +Q2Ro+ ORs) 
: 20,02R:R> 


y (SR oet OR): 1 
20:02RiR» O:02RiRe 


Sie (Q:Ri 4° Q2Ro+ Q:R2) + 
2Q:02Ri Re 


- 1 
20:0:Ri1R: J QiQeRiRs 
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Discussion 


W. A. Del Mar (Phelps Dodge Copper Prod- 
ucts Corporation, Yonkers, N. Y.): Mr. 
Buller has performed a valuable service in 
establishing a standard whereby the accu- 
racy of more workable methods of calcula- 
- tion may be evaluated. In case anyone 
should be alarmed by the complexities of 
Mr. Buller’s ‘‘short method,” and the still 
shorter method of Mr. Wiseman, they can 
have recourse to an electronic analogue 
computer which will enable the same calcu- 
lations to be made in a matter of minutes 
without the risk of error which is inseparable 
from long calculations. 


J. H. Neher (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): Mr. Buller has 
given us a very complete summary of the 
attempts by various investigators to derive 
mathematical expressions for the transient 
temperature rise over a whole or a part of 


Figure 1. Basic thermal networks and equa- 
tions for calculating transient cable tempera- 
tures 


the thermal circuit of a buried cable system 
with a constant load suddenly applied, even 
to developing formulas of his own which 
are equally incomprehensible. While he is 
to be commended for his attempts to de- 
velop simplified mathematical expressions 
for these relationships, however, I am con- 
vinced that the formulas thus derived still 
have the infirmity of many of their predeces- 
sors; that is, an invalid assumption that the 
temperature rise at the juncture of two ther- 
mal networks can be accurately represented 
without accounting for the mutual effect of 
each on the other at that juncture. 


In order to obtain a proper appreciation 
of the problem, it is advantageous to con- 
sider the heat transfer system as a thermal 
network consisting of shunt thermal capaci- 
ties interspersed between series thermal re- 
sistances as shown in Figure 1 of this discus- 
sion. It will be evident that the accuracy 
of such a representation may be increased 
at will, by increasing the number of lumped 
capacities and associated resistances used 
to represent a given section in which the 
capacity involved is actually distributed. 
By reference to the figure, it is readily seen 
that heat entering C, produces a charge 
therein and a temperature change which 


CONDUCTOR INSULATION SHEATH AIR- 
SPACE 


<—— DUCT STRUCTURE AND EARTH———> 


Be ees eel ees) pera 


C, Gs Cs CG; 


raf Fs 13 af ale af a 


T= QH! (I-@ He) (1) 


~ At 


At 
FRereron-Sue) Sra} 


@=A(l-e ”) (3) 


D2 


Buller—Thermal Transients on Buried Cables 


causes some heat to flow through Hy; and 
some to enter and modify the charge on C2, 
and so on successively through the network. 
It is therefore apparent that the tempera- 
ture rise at each junction point in the net- 
work is dependent upon the characteristics 
of the portions of the network both preced- 
ing and succeeding the juncture in question. 
It is, therefore, seen that little confidence 
can be placed in calculations obtained by 
simple superposition of independent re- 
sponses of such interdependent portions, 
particularly at points of physical discon- 
tinuity in the thermal network. While Mr. 
Buller clearly recognizes this principle in his 
discussion, he has not abided by it in his 
simplified formula in considering the portion 
within the pipe or duct perimeter separately 
as the first portion, and adding it to the 
earth as the second portion. 

The result is that for very short times his 
procedure is satisfactory because only the 
first portion is effectively involved and this 
rise can be calculated by the network for- 
mula which he has given. For very long 
times it is also satisfactory because the rate 
of temperature rise is so slow that the error 
introduced into the temperature rise of the 
second part by mismatch of the first part 
which can be considered as an error in the 
time scale is of no significance, and the tem- 
perature rise across the first part has now 
become substantially steady state. His sys- 
tem breaks down, however, in the transition 
time zone, so to speak, and this is important 
because most problems of emergency load 
ratings deal with the intermediate time 
zone. Although he attempts to correct the 
temperature rise of the second part by 
applying a correction to the exponential 
integral formula, the correction factor which 
he gives is mathematically unsound, and is 
applicable by the author’s admission only 
to the case of buried cables and pipe type 
cable lines. While it may give the tempera- 
ture rise at the cable or pipe surface for these 
cases with sufficient accuracy, it obviously 
does not correct the temperature rise of the 
conductor above the cable or pipe surface. 
A further inadequacy of the formulas is that 
they cannot be applied to the very impor- 
tant case of cables in duct. 

I do not wish to infer that the exponen- 
tial integral formula is unsuitable for calcu- 
lating transient temperature rises in the 
earth portion of the thermal circuit. This 
formula rigorously takes account of the 
effect of the image, but since it is theoreti- 
cally correct for all values of time only for a 
line source of heat flow in a homogeneous 
medium its use is accordingly restricted to 
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those applications which may be so treated 
within the required degree of accuracy. In 
the present instance the medium is homo- 
geneous only from the cable or pipe surface 
outwards. The formula therefore can be 
used to determine the temperature rise at a 
point some distance out in the earth, since 
from this view point the system is essentially 
homogeneous. But this is not so at the 
cable or pipe surface where the discontinuity 
ee ctier and the formula gives the correct 
result only after sufficient time has elapsed 
to nullify for practical purposes the effect of 
this discontinuity. 

I am of the opinion that the only satisfac- 
tory solution of the transient temperature 
problem can be obtained by setting up the 
equivalent thermal network of the system 
and solving this network as a whole. There 
is no reason why the cable in duct problem 
cannot be so treated as well as buried cables 
or pipe type cable systems by the proper 
selection of the constants of the network. 

The accurate mathematical solution of 
this network presents considerable diffi- 
culty, since it requires the solution for the 
roots of a power equation, the power of 
which is equal to the number of sections in 
the network. Such a solution will yield a 
series of terms each of the form given in 
equation 3 of Figure 1 of this discussion and 
which may be represented by an equivalent 
thermal network of the series form as shown. 
In this form the temperature rises across the 
component parts are directly additive al- 
though each component part no longer has 
any physical significance. The step-by-step 
transformation which I originated some 
time ago and to which Mr. Buller has kindly 
referred was intended to avoid the solution 
of the power equation. This method also 
has infirmities, however, which it now ap- 
pears practical to avoid by the use of some 
sort of computer which would permit accu- 
rate physical representation of the heat flow 
circuit, without need for concern about the 
mathematical complexities which might pre- 
vent a rigorous calculation of its response. 


L. R. Ingersoll (University of Wisconsin, 
Madison, Wis.): I have followed with 
interest the recent attacks on the buried 
cable problem because of its similarity to the 
problem of the ground pipe heat exchanger 
for the heat pump. (It is obviously, how- 
ever, more complicated than the latter be- 
cause of sheath and duct considerations.) 


Robert J. Wiseman (The Okonite Com- 
pany, Passaic, N. J.): Mr. Buller has writ- 
ten an interesting paper on the history of 
the attempts to provide a method for cal- 
culating the transient temperature of a 
buried cable. It shows an active interest 
for many years, but in more recent times 
the desire to appreciate what kind of a 
transient temperature curve occurs has been 
intensified by the increasing use of pipe type 
cable systems. It is noted that there have 
been two approaches to the problem, one 
quite theoretical and the other empirical. 
As shown in Mr. Buller’s paper, the theoreti- 
cal approach is highly mathematical, in- 
volving exponential integrals and Ingersoll 
integrals. This did not appeal to some of 
us as it seemed to make it difficult to visual- 
ize and also there are not too many engineers 
who are acquainted with ready applications 
of these integrals. Therefore, we sought a 
simpler solution of the problem and we 
arrive at what Mr. Buller calls the semi- 
empirical approach. 


I became interested in this problem about 
15 years ago and nine years ago I had some 
thermal transient tests made by Dr. Pasch- 
kis of Columbia University. Steady load 
and intermittent load tests were made. We 
obtained the well-known temperature-time 
curves as shown in Figures 2 and 3 of Mr. 
Buller’s paper. Recognizing it as a form of 
exponential series, I applied the formula 
and found by trial and error that I could 
duplicate the curves by assuming a cylindri- 
cal field around the pipe and dividing it into 
four zones. The total thermal resistance 
would be the same as the calculated value 
assuming that the commonly used law of 
images formula is correct. Incidentally, I 
am not too sure that this law is correct 
practically. After determining the diameter 
of the cylinder which gives the same thermal 
resistance as for the image law, I found if we 
divide the zones such that their areas are in 
the ratio of 1, 4, 16, and 64, that is, if the 
zone next to the pipe has an area A, then the 
next outer zone would have an area 4A, the 
third zone 16A and the outer zone 64A. 
This permits calculation of the diameter of 


each zone from which we can obtain the 
thermal resistance and also knowing the 
area we can compute the thermal capacity 
of each zone. It is then easy to express the 
thermal transient temperature of each zone 
by 
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where ¢ is expressed in hours. 

The sum of all four zones gives the ther- 
mal transient temperature for the surround- 
ings and is comparable to the exponential 
integral or the Bessel functions that Mr. 
Buller uses. 

Inside the pipe I divide the thermal cir- 
cuit into two zones; the first one consists of 
the conductor and the insulation on one 
cable and the other is the surrounding 
medium (oil or gas) and pipe. These also 
are expressed as exponentials and their sum 
gives the thermal transient temperature. 
This differs only slightly from Mr. Buller 
where he also uses two zones but takes the 
conductor and half the insulation for one 
zone and the remaining insulation plus sur- 
rounding medium (oil or gas) and pipe as the 
other zone. I believe we both will arrive at 
the same results. Adding the thermal 
transients for the six zones, we arrive at the 
transient temperature for the conductor. 

I have always felt that the exponential 
integral as given in formula 3 in Mr. Bul- 
ler’s paper was a good theoretical solution of 
the problem. It is very difficult to check 
these formulas in the field as it requires 
long time tests and the earth is subject to 
changing climatic conditions. Therefore, it 
is difficult to prove in a formula to a high 
degree of accuracy. If we compare Curves 
4 and 5 and Curves 6 and 7, they are so 
closely the same that I do not see where 
Buller’s formula is any better than the 
exponential integral and the difference is 
within the accuracy that we know our 
thermal constants to have, so practically 
both curves are the same. We are not con- 
cerned with differences in a transient of frac- 
tions of a degree or even one or two degrees. 
The system is subject to so many variables 
which can change from day to day that 
whatever we take for constants can differ 
15 per cent or more and not influence calcu- 
lations very much. To me, we must ap- 
proach these problems in a realistic manner. 
It is nice to be able to have a pure theoreti- 


It has seemed to me that the most satisfac- us cal approach to fall back on, but it is not a 
tory treatment, would involve a simple tool that can be used every day. Also we 
approximate solution, such as is available 30 must try to visualize what is taking place. 
with the line source equation (that is, ‘‘ex- 28 Anyone of the integral formulas as you look 
ponential integral’’), followed by a rigorous 26 SEE FIG 3 OF BULLER PAPER at them are just formulas with no indication 
analysis which would doubtless involve 24 COMPARISON OF Tc &Tr AS COMPUTE of what kind of a curve they give. Every- 
mathematical complications of a distinctly 22 |__ BY EXPONENTIAL SERIES AND BULLE one that has anything to do with curves in- 
higher order. 20 FORMULA. volving time knows the shape of the curve 
This is essentially what Mr. Buller has ry a where an exponential formula is used. 

done and in a very scholarly manner. S FOR CURVES 4 86 I wish Mr. Buller had given the construc- 
While doubtless not the “last word” it is a Ne EE al th S cenit 

notable contribution and goes far towards I4 & 

solving the problem. The comparison of lep-e Table | 
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tion and constants of the circuits he used to 
calculate Figures 2 and 3. I did find out for 
Figure 3 that he used three single-conductor, 
1,500,000 circul mil cables, 188 kv, in a 
8°/s inch pipe, an earth thermal resistivity 
of 58 thermal ohms per centimeter and a 
thermal capacity for the earth of 2.46 watt 
seconds per degree centigrade per centi- 
meter. Taking the values given in Table I 
of this discussion for thermal constants of 
the pipe system and the pipe buried 3 feet 
in the ground (to center of pipe) I set up the 
six zones on my method to obtain the ex- 
ponential series. 
The equation with all zones is 


(a) (b) 
AT =1.53(1 —e~9- 954") +. 0.63 (1 —€~% 928) + 
(c) (d) 
().66(1 —e7 9-178) +-0.64(1 —e~ 0469") + 
(f) (g) 


0.635(1 —€~ 91146) + 0, 635(1 —€= -00278") 
per watt per foot per conductor 


Term “‘a’’ is for the conductor and insula- 
tion; term ‘‘b’’ is for the oil zone and pipe; 
term ‘‘c’’ is for the earth zone next to the 
pipe; term “‘d’”’ is the next outer zone; 
term ‘‘f’’ is the third zone; and term “‘g”’ is 
the outermost zone. Note that for zones 
“a” and “b’’ the rate of rise is rather rapid, 
zone ‘‘c’’ much slower and each succeeding 
zone is still slower. This helps to visualize 
what is taking place. It indicates that zones 
“f” and ‘‘g” have very little influence on the 
temperature rise during the early stages of 
heating; in fact, zone ‘‘g’”’ will have little 
effect for several days. 

As I do not know what load Mr. Buller 
used, I have assumed 10 watts per foot per 
conductor. Figure 2 of this discussion shows 
curves for 7,and 7; calculated by the above 
formula. J, is the curve for the sum of all 
six terms and 7; is the curve for the sum of 
the last four terms. For comparison I 
have noted on the curves points for various 
times read as well as I can from Curves 4 and 
6 of Figure 3 of Mr, Buller’s paper. The 
agreement is good. I seem to be in error 
about one degree for 7, and less than a 
degree for 7;. Practically my results are as 
good as his without going through the long 
process he uses. 

We can thank Mr. Buller for the interest- 
ing history of the subject, but I am not able 
to say that he has improved our knowledge 
of it by his formula over that which we al- 
ready have. 


F. H. Buller: As Mr. Del Mar points out in 
his discussion, the electronic analogue com- 
puter will save much labor as compared with 
any of the formulas presented, especially if a 
number of different types of transients have 
to be studied. It should be pointed out 
that formulas 8, 8D, and 9 are suitable for 
checking the performance of such a com- 
puter whenever such a check may be deemed 
necessary. 

Incidentally, the figure of 16 hours for the 
calculation of a transient curve of 7, and 
T; refers to the more elaborate formulas 8, 
8D, and 9. The simplified formulas 10 and 
11, usually require only 2 to 3 hours to give 
the same results. 

Mr. Neher has again drawn attention to 
an important point which was mentioned 
specifically in the text of the paper; namely 
that in any rigorous mathematical analysis 
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of this problem it is essential that the 
coupling between the cable, or the pipe and 
its contents, and the earth be fully taken 
into account. This is the reason why the 
rather complicated formulas 8, 8D, and 9 
were developed—to provide rigorous mathe- 
matical equations in which this coupling is 
fully and properly allowed for. These 
formulas are admittedly not easy to under- 
stand completely; and even when fully 
understood cannot be used without labori- 
ous calculations. This point is strongly 
emphasized when a man of Mr. Neher’s very 
considerable attainments labels them incom- 
prehensible. It was for these reasons that 
the simpler approximate working formulas 
10 and 11 were worked out and presented in 
this paper; and one gathers that it is these 
two formulas that Mr. Neher feels are open 
to question. 

A point that Mr. Neher seems to have 
overlooked is the fact that these formulas 
as they stand are semiempirical in character; 
that is to say the correction factor applied 
to the exponential integral formula is 
empirical, and so is the technique of simple 
superposition of independent responses of 
interdependent portions of the network. 
No one claims that this procedure is mathe- 
matically rigorous; and as an empirical 
procedure all that is required of it is that it 
check test in the range in which it is used; 
or alternatively if tests are not available 
that it check with another formula which is 
known to be more rigorous mathematically 
over this range. 

Figures 2 and 3 of the paper show clearly 
how well the semiempirical formulas 10 and 
11 check test, and how well they check with 
the more rigorous mathematical formulas 8, 
8D, and 9, in the case of a buried cable and 
the case of a representative oil pipe cable 
line. 

Observe in Figure 3, how closely the 
approximate formula agrees with the exact 
formula in the case of 7;, the pipe tempera- 
ture. There is hardly any divergence be- 
tween these curves for short times, and they 
come together for long times. 

In the case of 7, the conductor tempera- 
ture, the agreement is also good enough to 
be satisfactory for all practical purposes. 
So it is difficult to understand or accept Mr. 
Neher’s contention that the formula ‘“‘breaks 
down for intermediate times.” 

Now as to the neglect of coupling between 
the interior of the pipe and the earth portion 
of the circuit. The error resulting from such 
neglect can be seen in the curves for 7, in 
Figures 2 and 3. It is obviously not serious. 
Of course one can imagine a theoretical con- 
dition where even this error would be objec- 
tionable. If Mr. Neher should be faced 
with such a condition, he should certainly 
use the rigorous formulas 8, 8D, and 9, in 
spite of the additional labor involved. 

Nr. Neher did not raise the question as to 
whether formulas 10 and 11 are suitable for 
use with gas filled pipe cable lines. This 
point is still under investigation; and the 
tools for this investigation are all available 
in the present paper. It is possible that the 
empirical formula for this case may involve 
a different correction factor for the exponen- 
tial integral formula; whether this proves 
to be the case or whether the present factor 
will be found to apply with acceptable 
accuracy to gas filled pipes also, the value of 
Formulas 8, 8D, and 9 will be emphasized 
once again. It is possible now that they are 


available to use them to check formulas 10 
and 11 under any conditions to which they 
apply, or to check any other approximate 
or empirical formulas in cases where there is 
any doubt. 

When we come to the question of cable in 
ducts the situation is far more difficult, 
since the arrangement of thermal resistances 
and thermal capacitance at the “transition 
point” is extremely complicated and since 
moreover any mathematical theory seems 
to involve the use of “‘equivalent’’ isother- 
mals which it is practically impossible to 
establish accurately a priori. For this rea- 
son it seemed advisable to make it clear that 
the rigorous formulas 8, 8D, and 9 do not 
apply to this case. For some reason, how- 
ever, formulas 10 and 11 seem to check test 
remarkably well for this case also (see Figure 
4). These formulas are admittedly liable 
to be less accurate for cable in ducts than 
for the case of buried cable in pipes, and 
must be used with caution until further 
evidence is available, where cable in ducts is 
involved. 

Unfortunately, these comments apply 
with equal force to any known type of com- 
puter. It is perfectly true as Mr. Neher 
says that in theory at least the problem of 
cable in duct can be solved by setting up 
the equivalent thermal network of the sys- 
tem and solving this network as a whole if 
the required constants can be properly 
selected. This, in fact, is the whole point. 
The basic difficulty lies not in the operation 
of the computer but in its setup. If the 
number and location of the transition points 
are not accurately known and if the con- 
stants at these points are in doubt, the 
accurate setting up of the computer would 
seem to be impossible. Thus any solution 
for a cable in ducts must be recognized as 
rather a rough approximation; and while 
doubtless it is possible to make better ap- 
proximations than the one represented by 
formulas 10 and 11 for this case, it does not 
yet appear to have been done either on a 
computer or in any other way. 


Professor Ingersoll’s very courteously 
worded discussion includes a point which 
should be clarified. Actually, it is formulas 
3 and 4, rather than 3A and 4A which 
give the results which are identical. A com- 
parison of these four formulas (3, 4, 3A, and 
4A) will make it clear that the point brought 
up by Professor Ingersoll has actually been 
taken care of. Formula 3 has a factor 47 in 
the denominator and a parameter 72/4 kt; 
whereas formula 4 has a factor 27 in the 
denominator and a parameter r/2/kt. 


Doctor Wiseman’s discussion is of interest 
principally because it illustrates two points 
to perfection; namely how desirable it is to 
have available formulas such as 8, 8D, and 9 
as a check against less exact formulas, and 
how they can be used as a check. 


Take his reference to Figure 3 in the 
paper. Curve 3 is the curve for the exponen- 
tial integral formula—not curve 5. Curve 3 
did not fit too well—and by comparing 
curves 3 and 4 it is possible to determine the 
sort of empirical correction factor that will 
improve the fit. And when the correction 
factor was finally established, and curve 5 
derived by its use, a direct comparison of 
curves 4 and 5 showed how good the final 
formula 10 actually is—something that was 
not known previously in the absence of 
test data covering the first 24 hours of 
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heating for this particular pipe cable. 

Again, a comparison of curves 6 and 7 
shows how much error is introduced by the 
lack of coupling between the region inside 
of the pipe and the region outside; and by 
showing that this error is small this com- 
parison proved that the use of formulas 10 
and 11 should be perfectly satisfactory in 
practice in spite of the theoretical objection 
raised by Mr. Neher. 

Next, Dr. Wiseman offers an empirical 
technique which he himself has developed. 
In involves taking a cylinder of earth of the 
right outside diameter to give the proper 
steady-state response and then dividing it 
into six zones, in accordance with an 
empirical rule. These zones are then repre- 
sented by lumped constants, instead of dis- 
tributed constants, and are calculated indi- 
vidually, with no allowance for coupling 
between zones. 

Dr. Wiseman has thus made three impor- 
tant approximations. 

1. He has substituted an arbitrary 


“equivalent’’ heat field for the actual heat 
field in the earth. How nearly equivalent is 
it on transients? 

2. He has substituted lumped constants 
for distributed constants. This has been 
shown to be permissible inside the pipe; 
how good an approximation is it in the earth, 
where the zones are much thicker than in the 
pipe? 

3. He has neglected coupling between 
zones, not in one place, as was done with 
reasonable success in formula 11 of the 
paper, but in no less than five places. How 
much is the error increased by so doing? 

These questions, and any other questions 
that may be raised concerning the validity 
of Dr. Wiseman’s methods can be answered 
by using formulas 8, 8D, and 9. This, Dr. 
Wiseman has done in his Figure 2. His 
guess as to the load used in the paper was 
fairly good—the actual load was 9.15 watts 
per foot per conductor instead of 10. Thus, 
in order to be directly comparable with the 
results presented in theZpaper, the values 


shown on Dr. Wiseman’s curves must be 
reduced by about 9 per cent. At 20 hours, 
Dr. Wiseman would obtain a conductor rise 
of 33.4 X0.915 = 30.6 degrees centigrade 
with a loss of 9.15 watts per foot of conduc- 
tor; the value obtained from Figure 3 of 
the paper is 34.9 degrees centigrade. Thus 
the error involved in Dr. Wiseman’s ap- 
proximations is 4.3 degrees centigrade or 14 
per cent at this point, and it is on the unsafe 
side. This information was obtained with- 
out going to the expense of either building 
or renting a transient computing device or of 
making a field test which is even more ex- 
pensive and moreover very difficult to ar- 
range for, since it is hard to get the use of an 
important cable line for a period of time 
long enough to make such tests. 

It is thus apparent that the opinion ex- 
pressed by Dr. Wiseman in the last para- 
graph of his discussion is hardly justified; 
and that he would be well advised to use 
these formulas in improving and refining his 
own empirical methods. 


(For additional discussion, see section in back of this volume “‘Discussions From Abroad”’) 
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- Radial and Tangential Stresses in 


Impregnated Paper Insulation 


J. B. WHITEHEAD 


FELLOW AIJEE 


HE weakest points in the impreg- 
Spe paper insulation of under- 
ground power cables are in the oil chan- 
nels between successive turns of paper 
tape. Not only has the oil a lower dielec- 
tric strength than the adjacent paper, but 
the relation of values of dielectric con- 
stant is such as to throw the greater pro- 
portion of the local stress into the oil 
channel, Many experiments have shown 
that in insulation originally free of air or 
gas pockets, themselves sure causes of 
trouble, the large proportion of incipient 
failures are found in the oil channels. 

In general the maximum stress on the 
insulation occurs at the conductor sur- 
face, and were it not for the occasional 
occurrence of other causes of failure, and 
the normal variations of structure and 
condition of the constituent materials, it 
would be expected that all failures would 
originate in an oil channel adjacent to the 
conductor surface. 

An average value of the stress at the 
surface of the circular conductor of a 
single conductor cable may be readily 
computed from the dimensions of the 
cable and the value of the applied voltage. 
In a previous paper! under another title a 
method is given for deriving the stress in 
the oil channel in terms of the average 
stress computed in this way. But since 
the dielectric of the cable is not uniform 
and this average value depends on the oil 
stress being computed, the method is not 


rigidly beyond question. The present 
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paper gives a more direct analytical 
method for computing the stresses in the 
oil channels. 


Oil Stresses in the 
Single Conductor Cable 


We make two assumptions in order to 
simplify our analysis: 
1. That the pattern of overlay of tapes 


repeats itself regularly through the insula- 
tion wall. 


2. That the electric stress in the central 
region of the oil channel and immediately 
overlying paper tapes is radial and uniform. 


Under the first assumption the insula- 
tion wall may be considered as made up 
of a number of coaxial cylindrical capac- 
itors, each having the same radial thick- 
ness, the same number of paper layers, 
the same overlay of tapes, and the same 
width of oil channel. Also for any one 
type of paper, the dielectric constants of 
paper and oil will have the same values in 
all the constituent capacitors. 

Assumption (2) is warranted’ by the 
fact that the oil channel is usually from 
10 to 20 times as wide as it is thick. 

Let us then consider a very narrow 
wedge-shaped tube of electrostatic induc- 
tion, beginning on a very small area of the 
conductor surface at the center of an oil 
channel. And let the area be so small that 
the boundary surface of the tube will pass 
radially through the entire wall of the in- 
sulation to the outermost paper layer 
without leaving the central regions of the 
successive oil channels, in which the elec- 
tric stress is assumed to be radial. The 
tube will then be made up of a number of 
small capacitors in series. Each capac- 
itor will consist of a small area of oil 
channel in series with similar areas of 
several layers of paper as determined by 
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the overlay in assembly. These capac- 
itors will be similar in all respects except 
as to cross sectional area, which, how- 
ever, bears a simple relation to the radial 
distance from the center of the conductor. 
Figure 1 shows an exaggerated view of a 
radial cross section of such a tube of in- 
duction. It has uniform thickness normal 
to the plane of the paper. 
In Figure 1 


a, =radius of the circular conductor 

@, Qs, @3...a@;=radii of the inner surfaces 
of the successive oil films proceeding 
outwards 

Si, So, S;...S;=areas of the intersections of 
the tube of induction with the inner 
surfaces of the successive oil films, a1, 
@, and so forth 

K, and Kp=dielectric constants of the oil 
and the impregnated paper respec- 
tively : 

Vo =potential of the conductor 

Vi, Ve, V3...Vz=potentials of the outer 
surfaces of the respective constituent 
capacitors 

Fi, Fo, F;... F;=uniform values of the ra- 
dial electric stress over the inner sur- 
faces, Sj, 59, Os..se 

t=thickness of the paper 

n=number of layers of paper tape in the 
radial wall thickness of each of the 
typical cylindrical capacitors 


The innermost capacitor of our tube of 
induction will consist of an oil layer of 


CHARACTERISTIC CAPACITORS 


LEFT: OIL GAP IN FIRST LAYER 
RIGHT: OIL GAP IN FOURTH LAYER 


Figure 1. Ideal tubes of electrostatic induction 
through insulation of single conductor cable 


‘ 
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' a, =f (a) 
Ko 22.2, Kp= 4.91 


2.Ko#2.2, Kp 3.78 
3. Ko=Kp 


2 4 6 8 iO 2. ta. 06 
NUMBER OF CAPACITORS 


thickness ¢ in series with (n—1) layers of 
paper. The voltage over the capacitor is 
V)— Vi, and let the voltage over the oil be 


v, and let that over the paper be v,. 


Then 
lo at! 
es |_, a) 
Up IKig atn | 
a,+t 
Also 
U+p = Vi— Vi (2) 
Vo =(Vo— Vi)—vp 
=(Ve- Vi) —F (3) 
A 
cgay (Vo — Vi) (4) 


The radial stress in the oil at the surface 
of the conductor is: 


Vo 
i 
; a+t (5) 
a, log 
aq i 
he Vo- V; 
“ Ko ait+nt ay+t 
a 1 ] hs 
E “Oa aia Sa | 
Vo- Vi 
= 6 
ai[f(a1) | 2) 
Similarly : 
F V,— V2 Vi- Ve 
) aes 
Ko a.+nt dy+t | d2[f(a2)] 
a 1 1 
. ores of ay | 
E, ' Vrs V, Vra = V, 
1 
5 [= Bere tt) ar (f(ar)] 
‘ Kp : ar+t . ar 


where 7 is the total number of typical 
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18 20 


Figure 2 (left). 
Variation of 
maximum oil 
stress with num- 
ber of layers of 
paper 


Figure 3 (upper Caen 
right), Variation 
of tangential 
voltage with ra- 
dial thickness of 
paper 


Figure 4 (lower 
right). Graded 
cable 


Variation of 
maximum oil stress 
with relative 
radial depths of 
a dense and of a 
less dense paper 


capacitors and » and ¢ have constant 
values. 


Whence: 
Vo- Vr = Figs |f(a1) |+- Frae[F(a2) |+ 
..» Fra ((f(ar)] (7) 
But: 
Ki FS; = Koh, S)= : Kye PF, Sz = K;,F,S; 
Ki =Ko=.,.Kp=Ko 
iS) } 
Ff, = F, Sa Fy Peper hie 
So (lo r Ay 
Thus: 
Vo—V;= Fray [f(a1)+f(a2)+f(a,)+ 
eben] 
F, tee 
(8) 


a >> flax) 


2=1 


From equation 8 the values of F, of the 
stress in an oil channel at the surface of 
the conductor may be computed. Also, 
with F, known, the values /», F3,..., as well 
as the radial stresses at any point along 
the tube of induction follow at once since 
the product of KFS is constant through- 
out the tube. If in equation 8 K, and K, 
have the same value, the expression for 7 
reduces to that for the stress at the con- 
ductor surface when the insulation of a 
cylindrical conductor is of uniform value 
of K throughout. 

There is apparently no simple method 
available for writing immediately the 
value of the summation in the denomi- 
nator of equation 8. There is no trouble, 
however, in evaluating the single terms; 
a 5-place table for the natural logarithms 
is desirable. For the example given in a 
later paragraph computations have been 


4 


TANGENTIAL VOLTAGES 
Vo V29= 40,000 VOLTS 


6 8 10 (ay 14 16 ees 


NUMBER OF CAPACITORS 
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2 4 6 8 10 l2 14 16 
NUMBER OF CAPACITORS 


TANGENTIAL VOLTAGES AT 
CAPACITOR INTERFACES 


(1) H.D. INSIDE 
(2) L.D, INSIDE 


16 20 


made for the summation of 20 terms, that 
is, a cable with 20 characteristic capac- 
itors in its wall of insulation. Figure 2 
shows how the maximum oil stress varies 
with the number of characteristic capac- 
itors. 


Stress in Impregnated Paper at 
Surface of Conductor 


If in Figure 1 the positions of oil chan- 
nel and adjacent paper layers be reversed 
so that our tube of electrostatic induction 
now leaves the conductor surface and 
passes through »—1 paper layers before 
meeting an oil channel, we can proceed 
by similar analysis to the following ex- 
pressions for the radial stresses (G,, Go, 
G...Gr) at the conductor surface and at 
the inner paper surfaces of the successive 
characteristic capacitors: 


G.= 
Paes EL eee ee 
at+(n—1)t Kp atu 
l — log: —— 
7 | 8 ay +, cof ea | 1 
Vo-V 
= som) 
asle(a;)| (9) 
Ga= 
ona ee ee Se 
at(n—lt Ky n-+nt 
2| log ——_+—- log —— — 
ol toe 2 LB an+(n—1)t 
pot 
al p (a2) | 
G,= 
2 ee el 
ar+(n—1)t Ky arnt 
log ——_——_+-—- log —————- 
or | log dr x, a aad 
pe Vrai— Ve 
ar{e(ar) | 
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whence: 
Vo— Vr =Gia [e(a1) ]+Grar [e(a2)|+ 
.. . Gray [y(ar)] 
=G6,a, [e(a1)+ ¢(a2)+ ¢(as)+ 
.. .(ar)] 
Ce Vo— Vr 
ie (10) 


a1 [= ete) | 


Computations of the summations in the 
denominator of equation 10 have been 
made for values of x from whole numbers 
1 to 20, and utilized in the example be- 
low. 


Example 


As an example some of the stress values 
have been computed for a single-con- 
ductor cable having the following charac- 
teristics: conductor of circular cross sec- 
tion, diameter d=0.5 inch; number of 
paper layers, 80; paper 0.005-inch thick, 
l-inch wide, overlap 25 per cent; n=4; 
dielectric constant, oil K,=2.2; impreg- 
nated paper K,=4.05.? 

The stress F, in an oil channel at the 
conductor surface may be computed from 
equation 8, in which the summation is to 
be taken from r=1 to r=20, since there 
are 20 characteristic capacitors each four 
layers thick in the insulation wall. The 
value of the summation in equation 8 is 
0.6266. Consequently 


Vo- We Vo-— V, 
0.25 0.6266 0.1567 


al 


if V)—V, be taken at 40,000 volts, the 
value of F; is 255 volts per mil. 

Similarly, the value of the summation 
in the denominator of equation 10, from 
r=1tor=20, is 1.124. Consequently, the 
value of the stress at the conductor sur- 
face in a paper tape and at a point about 
0.25 inch from an adjacent oil channel 
is: 


__ V-Vr W—-Vr 
0.25X1.124 0.281 


1 


which at 40,000 volts is 142 volts per 
mil. 

If the insulation were uniform through- 
out and b the over-all radius, the stress 
at the conductor surface computed from 
the dimensions alone, would be 


F= Vo- V; oF Vo— V; Vo- Vr 
b 0.25 X0.9555 0.2388 

a, log — 

a 


which at 40,000 volts is about 167 volts 
per mil, and so intermediate to the values 
of F; and G; above. 

The values of the stress at any point in 
the insulation may be readily computed 
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from the values of F, and G;, using the 
properties of the tube of induction. Thus 
the stresses Fy) and Gyo in the oil and in the 
paper of the outermost capacitors are 
Fu = 99.6, Go =54.6 volts per mil. 

Thus the radial stress in the insulation 
at the conductor surface varies widely 
from point to point being a maximum in 
an oil channel, where in the case here 
considered it is 82.5 per cent higher than 
the stress in the paper only 0.25 inch dis- 
tant. Similar differences occur at all 
radial levels through the insulation wall, 
result in inequalities of the radial voltage 
distribution, and thus introduce longi- 
tudinal or ‘‘tangential’’ voltages in the 
interfaces between paper layers. 


Radial and Tangential Stresses 


The voltages between conductor and 
outerface of any characteristic capacitor 
x(x=1 to 20) along our two tubes of in- 
duction, from equations 6 and 9 are: 


Vo— Vz = Fin > faz) (11) 


Vo— Ve =Giai > ¢(az) (12) 
1 


Substituting the values of F, and G, for 
the example used above, we have: 


Vo— V20 = 
Vo-— Vz =————_ > 
0 ==) 6966 faz), and 


Vo— Vio 
¢( az) 
1.124 xu a 


Vo— Vr= 


The values of the two summations have 
been completed for all values of x, that is, 
all whole numbers from 1 to 20. The 
values for x«=5, where the maximum 
tangential stress occurs, are 0.2210 for the 
f series and 0.4018 for the gy series. Giving 
Vi— Vo the value 40,000 volts, we find 
the tangential voltage along the interface 
of the fifth and sixth capacitors, and be- 
tween oil channel and a point 0.25 inch 
distant between paper tapes is 188 volts. 
For the interface between the first and 
second capacitors the tangential voltage 
is about 20 volts, for capacitors beyond 
the fifth the average value up to the 
fifteenth is about 120 volts falling then to 
0 at the cable sheath. See Figure 3. 

The values given in the foregoing per- 
tain to the interfaces between successive 
characteristic capacitors. Higher values 
are developed within the capacitors them- 
selves. Thus the radial stresses in an oil 
gap and in a paper tape at the conductor 
surface, by equations 8 and 10, and again 
using our example are: 


Vo-- Voo 


=——__—_-=9 : 
1 an(0.6266) 55 volts/mil, and 
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V; a: V; “ 
AS volts/mil 4 
ai(1.124) 


1 
The average stresses in the oil channel and 
first tape are roughly 99 per cent of these 
values, so that the voltages over the 
0.005 inch thick channel and tape are 
roughly 1,280 and 702 volts respectively, 
with a difference of 578 volts along the 
interface from the center of the oil channel 
to a point about 0.25 inch away between 
the first and second tapes. For the cor- 
responding interfaces in the outlying 
capacitors the values fall off to about 222 
volts in the twentieth or outermost capac- 
itor. 

Thus the maximum tangential stress 
in the example cited is 578 volts over a 
distance of 0.25 inch, or slightly over 2 
volts per mil. Not a high value, as com- 
pared with the radial stresses mentioned 
herein, but quite high enough to set up 
over a paper interface a path for “den- 
drites’’ or tree-patterns, if serious trouble 
arises in the oil channel itself. 


Oil Stresses in Graded Cables 


The foregoing method of analysis lends 
itself readily to the computation of the 
stresses in the oil channels of a “‘graded” 
cable, that is, a cable with more than one 
grade of paper in its insulation, the 
several grades having different values of 
density and of dielectric constant. 

In order to simplify our written ex- 
pressions and computations we will fix 
the values of several variables and con- 
sider the simple case of a single-conductor 
cable of circular cross section already 
utilized in the example above, but now 
insulated with two grades of paper with 
different radial depths in assembly and in 
different relative positions. Further, we 
use these values of dielectric constant: 


Dielectric constant of 


denser paper ii.sc). <)..s.0 eee Ka=4.91 
Dielectric constant of 
less dense paper..........05 Ki=3.78 
Dielectric constant of oil....... Ko=2.2 
Also let 


Vo =potential of central conductor 

Vi =potential of outer surface of first capac- 
itor 

V2oo=potential of outer surface of twentieth 
capacitor, usually 0. See Figure 1 

« =number of capacitors of inside paper 

F\, F,=potential gradients on inside sur- 
faces of successive oil channels. 


Then recalling equations 6 to 8, and 
for the case high density paper inside, we 
have: 


te, t 
Vo- Vi= F( tog aeeeay stot) 


° 
a Ka ‘3 att 
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ado+t Ko Qo+nt 
== Og 
a2 Ka ao+t 


az+t Ko tn) 


Vi- V2= Frae (ioe 


Vrzi—Vrz= Fea tog 


ag Ka az+t 
ar+itt 
Vz- Vaei= Feros (le a + 
Ag+ 
Bg Ar4i-nt 
Kh Ky dz+ytt 
aot+t 
Vig— Voo= Feta toe - )+ 
20 
= stn) 
—— log 
Ki dyy+t 
Whence: 
20 
) ar+t 
V.— Vo= Far (ioe - )+ 
ye 
cs 
x 
> Ko ar+nt 
F, 1 
rar K ( eis + 
tb = 
20 
I ar+nt 
Fp —\ 1 
Y vr (tog ea) (13) 
T=7+1 


For the case low density paper inside 
the equations are identical throughout, 
except that the two ratios of dielectric 
constants exchange places. 

The several summations in equation 13 
have been computed for the cable of our 
example, and for various values of x be- 
tween 1 and 20; that is, for different pro- 
portions of denser and less dense paper; 
first with high density paper inside, then 
with low density paper inside. 

In view of our special interest in the 
value of the stress in an oil channel at the 
conductor surface, and remembering the 
relations throughout a tube of induction, 
we may write: 


ras Vo— V20 


= 14 
1 oD (14) 
where: 
3) (( 
i=) toe (2) 4 
a; 
T=) 
z 


2.2 ar+nt 
: a log (a )+ 
(PRG 
2.2 (ct 
3.78 Qr+t 


r=x+1 


Again we note that in the expression for 
F, in equation 14, the quantity J, if the 
dielectric of the insulation is uniform 
throughout, reduces to log b/a, in which } 
is the over-all radius of the insulation. 


_ In our case the value of b/a, is 2.6, for 
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Table | 


High Density 
Paper Inside 


Low Density 
Paper Inside 


1 Fi 
x J Volts/ Mil x J Volts/ Mil 


0. .0.6535...245....... 0. .0.5581. . .287 
DE OL6460 F248 08. 1. .0.5657.. .283 
6.1 OF 6190 i. SOB ea 8. 5. .0.5917.. .271 
10. 0), 5053) «260 665. 00s 10. .0.6163.. .260 
DD OMD (Atha Lil Ocisivveincste 15. .0.6369. . .249 
QO OnDOSY 2 cineiee oe 20. .0.6535...245 


which J=0.956, and at 40,000 volts, 
F,=167 volts per mil. 

The values of J are given in Table I 
for the two cases, high density paper in- 
side and low density paper inside. These 
values hold only for the conditions of our 
example, except as to voltage to which 
any value may be given. In Table I 
values of F, are based on V)— V9 = 40,000 
volts. 

The results in Table I are plotted in 
Figure 4 with 1/J as ordinates, and x, the 
number of characteristic capacitors of 
either paper as abscissae. The ordinates 
are thus proportioned to /, the radial 
stress in an oil channel at the conductor 
surface. We may note the following 
striking facts: as between two papers of 
different densities, the lowest value of 
maximum oil stress is obtained in using all 
low density paper. Replacing any pro- 
portion of low density paper with high 
density paper results in an increase in the 
value of oil stress. This result obtains 
whether the added high density paper is 
outside or inside the low density paper. 
Similarly, the substitution of low density 
paper for any proportion of an original all 
high density insulation will result in a 
lowering of the maximum oil stress; and 
wherever in the insulation wall the sub- 
stitution may be made. 

Thus, in a graded cable, with two 
papers of different density, from the 
standpoint of maximum oil stress alone, 
nothing is gained by substituting high 
density for low density paper, either in- 
side or outside the latter; in fact the 
maximum oil|stress is increased. Divid- 
ing the radial depth of the insulation 
roughly half and half between the two 
papers, the effect on maximum oil stress is 
nearly the same whichever paper is inside. 
In our example, in this division, the oil 
stress at the conductor surface is roughly 
265 volts per mil, while the stress with all 
low density paper is 245 volts per mil, with 
all high density paper 287 volts per mil. 

Thus while a high density paper inside 
a low density paper, owing to its higher 
over-all or measured dielectric constant, 
shifts a greater proportion of the over-all 
voltage to the outer low density paper, 
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and so reduces the computed average 
stress at the conductor surface, this is not 
sufficient to offset the increase in the 
stress in the oil channel due to the in- 
crease in the dielectric constant of the 
adjacent (high density) paper. In an 
earlier paragraph it was shown that in a 
particular case the average stress at the 
conductor surface was approximately 167, 
that in an oil channel, 259, and that in the 
adjacent paper 142 volts per mil. 

The relations here described account 
for the now well-known? fact that the 
use of a higher density paper in a cable 
reduces its breakdown strength; and fur- 
ther that failure in a well constructed 
cable begins‘ in an oil channel. 

It is to be emphasized that the for- 
mulas and conclusions as described herein 
are based on the assumption of uniform 
materials, regularly assembled and re- 
tained in position, free of gas pockets, 
foreign substances, and irregular pressure 
strains. 

The conclusions therefore pertain to an 
optimum condition; the lowest stress 
values obtainable with given materials 
and design. The stranding of the con- 
ductor will increase local stresses. Im- 
perfections of the types mentioned also 
will introduce higher values of local 
stresses. 


Summary 


An analytical method for computing 
the stress at any point in the impregnated 
paper insulation of high voltage power 
cables is developed. The method is ex- 
tended to the evaluation of both radial 
and tangential stresses, and to those aris- 
ing in graded cables. The limitations in 
the use of high density paper are ex- 
plained. 
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Discussion 


L. C. Ebel and L. F. Roehmann (Anaconda 
Wire and Cable Company, Hastings-on- 
Hudson, N. Y.): The author states that 
“were it not for the occasional occurrence of 
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other causes of failure, and the normal varia- 
tions of structure and condition of the con- 
stituent materials, it would be expected that 
all failures would originate in an oil channel 
adjacent to the conductor surface.” Thus, 
it seems that, other things being equal, an 
electrically stronger cable could be made by 
using maximum oil stress as a primary de- 
sign criterion. 

The author has used for purposes of illus- 
tration a 75/25 overlay pattern, giving the 
sequence of oil, three paper tapes, oil, three 
paper tapes, and so forth, in a radial line. 
Similar calculations may be made for other 
overlay patterns, such as 70/30, 60/40, 
50/50, with interesting results. If, for in- 
stance, we choose such an overlay pattern 
that, following the author’s example, 
n=80 (that is, one oil layer followed by 79 
paper layers) and consequently ry = 1, then 
F,, the maximum stress in the oil channel at 
the surface of the conductor, is calculated as 
303 volts per mil. This compares with 255 
volts per mil in the author’s example 
(n=4; rv=20). This comparison would 
seem to indicate an advantage, for reducing 
maximum oil stress, of overlay patterns 
having » small and 7 large. In fact, the 
maximum oil stress may be reduced to 167 
volts per mil if ~=1 and r=80 (complete 
registration of the tapes throughout the in- 
sulation). 

Thus, it appears that the long-time dielec- 
tric strength of a wall of taped insulation, 
such as in cable, is not merely a function of 
the stress in the oil channels. For example, 
a 50/50 overlay gives the longest path along 
the surface of the tapes from conductor to 
ground, that is, surface tracking path, but 
only half the tapes (with dielectric strength 
higher than that of an equivalent thickness 
of oil) are interposed, in a radial line, be- 
tween conductor and ground. Other overlay 
patterns vary this relation between length of 
tracking path and radial thickness of tape. 

The author states that assumption (b) “‘is 
warranted by the fact that the oil channel is 
usually from ten to twenty times as wide as 
it is thick.”” For 5-mil tapes this means butt 
spaces from 50 to 100 mils wide, which do 
not occur in a well-made cable. Very many 
dissections made in our laboratory show butt 
spaces from 0.5 per cent to 4 per cent of the 
tape width, with values of 1 to 2 per cent 
predominating. For a 3/,inch (750-mil) 
wide tape, 1 per cent is 7.5 mils. The butt 
space widths observed in our laboratory are 
but a small fraction of those on which the 
assumption of purely radial stress is based. 

Figure 2 of the paper is not clear. It is 
apparently a plot of 


1 


* f(az) 


t=1 


for various values of 7, but always with 
n=4. Then the title more appropriately 
would be ‘Variations of Maximum Oil 
Stress at Conductor with Number of 4-Layer 
Capacitors.” 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): In this latest addition to 
his long list of valuable papers on impreg- 
nated paper insulation Dr. Whitehead ana- 
lyzes mathematically the stresses in various 
parts of such insulation, and emphasizes 
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that the highest stresses occur in the oil 
films. To simplify the mathematics in- 
volved he makes certain assumptions. How- 
ever, his mathematics can be further simpli- 
fied and his point made stronger if his as- 
sumptions are made to accord more nearly 
with actual conditions. 

In deriving the expressions for stress in 
the oil film and in the impregnated paper, 
the assumption is made that in a given 
radial line there is a regularly recurring pat- 
tern of oil and paper in each group of 
layers. Since the geometry differs at each 
radial distance from the conductor, a new 
equation is required for each group and the 
equation is different when the oil film is next 
to the conductor than when a paper film is 
next to the conductor. 

Actually, no significant error is introduced 
if for the purpose of computing average di- 
electric constant the dielectric in each group 
is considered as made up of a rectangular in- 
stead of a cylindrical mass. On this basis 
the average dielectric constant for both 
cases in the first example would be simply 


The stress in the oil film next to the conduc- 
tor will be 


K( Vo— Vr 
paki Vor Vr) 


1 


b 
Koa; log— 
ay 


___38.85X40000 
~ 2.2X0.25X0.9555 _ 
(Whitehead’s value is 255.) 


255 


The stress in the paper next to the conductor 
will be 


Ki wets 
g, Ker) 


b 
Kya, log— 
ay 

3.35 X 40000 


=> = il 
4.05X0.25X0.9555 
(Whitehead’s value is 142.) 


However, actual conditions would be more 
nearly represented on the assumption that 
the dielectric is a homogeneous mass con- 
sisting of impregnated paper and oil in the 
proportions actually obtaining in the insula- 
tion. For normal cable insulation this would 
be about 7 parts impregnated paper to 1 
part oil, instead of 3 parts to 1 part oil, as 
assumed in Whitehead’s example. On this 
basis average dielectric constant would be 


and F, and G; will be, respectively, 279 and 
152 volts per mil. HW 

A similar method of computation could be 
employed in the case of graded paper insula- 
tion. The average dielectric constants, Ky 
and Ko, of the two kinds of insulation would 
first be computed as for K, above. Using 
these values of K, and K» and the applica- 
ble radii, the effective over-all dielectric con- 
stant of the insulation can be calculated by 
means of the following equation: 


b ee 
log— 
é ay 
Ket = 
ay b 
log = alog-— 
ay az 
=: 
Ky Ke 


where az is the radius at the dividing line be- 
tween the two kinds of insulation. The 
stress in the oil film and in the paper next to 
the conductor can then be calculated by use 
of the equations given previously for F, and 
G,, substituting Ke for K. 

Such a computation has been carried out 
for the oil films in Whitehead’s second ex- 
ample, on the basis of 3 parts paper to 1 part 
oil and on the basis of 7 parts paper to 1 part 
oil, with results shown in Table I (below). 

There can be no question, as Dr. White- 
head points out, that the denser the paper 
the higher the stress in the oil films and that~ 
the substitution of denser paper for the less 
dense anywhere in the insulation and in any 
amount increases the stress in the oil film 
next to the conductor. This follows di- 
rectly from the fact that the addition of the 
denser paper increases the over-all dielectric 
constant of the insulation. The increased 
stress in the oil film can be expected to result 
in reduced dielectric strength, other things 
being equal. 

Whitehead has shown that in his labora- 
tory models the dielectric strength bears an 
inverse proportionality relationship to paper 
density. However, the situation in practical 
cables apparently is somewhat different, be- 
cause of certain mechanical factors, as is 
pointed out in Mr. R. W. Atkinson’s dis- 
cussion. 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): Dr. Whitehead shows that, 
as the density of the paper used over a 
cylindrical conductor is increased, the stress 
in the oil is increased and that this is true 
whether all of the paper is changed or only 
part of it and regardless of which layers are 
varied. He correlates this with his previous 
extensive experimental data on straight 
cylindrical conductors insulated with satu- 


8 rated paper tape where he shows that, under 
K= i 7 =3Fow all of the test conditions used, the dielectric 
ee ee breakdown was determined by the stress in 
+ : ; 
2.2 4.05 the oil, not that in the paper. He now 
Table | 
=== == ——<—= ee 
: High Density Paper Inside Low Density Paper Inside 
F\-Whitehead F,-3/1 F,-7/1 x F\-Whitehead F,-3/1 F,-7/1 
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LO. usc eee 269 1 OSE ewta kane 298 
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2Oi Rests et Sis aatiee entero 280s oe 323 


Whitehead—Impregnated Paper Insulation 


AIEE TRANSACTIONS 


derives that, for a given average stress, the 
stress in the oil increases in direct propor- 
tion to the over-all dielectric constant of the 
composite dielectric. 

It is significant that much of the initial 
interest in Dr. Whitehead’s experimental 
work was because many of us expected to 
find in it a measure of the increase in dielec- 
tric strength of paper as the density in- 
creases. When the data showed the opposite 
result there was much puzzlement and con- 
fusion. '\When further experiments under 
other conditions confirmed the first results— 
more confusion and argument. 

Why was it that, during the period when 
all manufacturers of paper power cables were 
using paper of higher and higher density, the 
dielectric strength of their cables progres- 
sively increased? Many explanations have 
been offered. Of course, part of the gain re- 
sulted from improvements in manufacturing 
technique. But there still remained an im- 
portant part that was directly correlated 
with the increase in paper density. 

I have no doubt that the explanation for 
this apparent paradox is a very simple one— 
that the gain is related not to the electrical 
properties of the paper, but to its physical 
properties. The paper of low density is 
physically weak and was unable to retain its 
integrity and thus unable, under the con- 
ditions imposed by cable fabrication and 
handling, to perform effectively its function 
as a barrier between oil films. In Dr. White- 
head’s laboratory samples which were not 
subject to bending, this low physical 
strength was not a handicap. On the other 
hand, the paper of high density possessed 
such physical properties that it was possible 
to realize in commercial manufacture the full 
electrical strength of the composite dielec- 
tric. 

For long it seemed regrettable that there 
were no data published substantiating the 
practical experience record just cited; ma- 
ture consideration shows, however, that 
there is really no merit to this thought. On 
cables made with present-day paper of rela- 
tively high density, dielectric strength is ob- 
tained on test lengths of commercial cables 
that is entirely in line with Dr. Whitehead’s 
data on laboratory samples wound on rigid 
mandrels. No one every succeeded in pro- 
ducing this result on a commercial scale with 
paper of low density such as produced the 
best results (on straight, rigid samples) for 
Dr. Whitehead. 

The gain obtained in dielectric strength 
with each increase in paper density was at- 
tributed to improved electrical properties of 
the denser paper. This was true in the 
United States and in Europe, and I know of 
no one ever taking exception to this ex- 
planation until Dr. Whitehead’s data were 
obtained. Thus, we owe to Dr, Whitehead’s 
experiments and to his persistence in em- 
phasizing their significance, the fact that 
this long-accepted fallacy has not persisted. 
Failure to obtain on a cable insulated with 
low density paper, the values obtained by 
Whitehead on a rigid mandrel insulated with 
the same paper, is not a conflict with White- 
head but rather a measure of the effect of 
the mechanical weakness of the paper upon 
the electrical strength of the cable. That 
relatively better results may be obtained, 
using the same manufacturing controls on a 
cable insulated with high density paper, is 
simply evidence that the controls or proce- 
dure that are inadequate for the low density 
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paper may suffice for the stronger high den- 
sity paper. 

It must be recognized that these com- 
ments are related to power frequency 
stresses in certain cases. It has not been 
established that the surge strength of the 
impregnated insulation is not directly re- 
lated to the electrical properties of the 
paper; such evidence as there is indicates 
that there is such a direct relationship. 


Edwin J. Merrell (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The author has covered ably many of the 
various voltage stresses in oil-impregnated 
paper-tape insulation, which should be taken 
into account when designing electric cable 
dielectrics. He has based his analysis on the 
assumption of radial and uniform electrical 
stress in the central region of the oil channel, 
and the observation that many experiments 
have located incipient failures in these oil 
channels. He does not note specifically 
whether these incipient failures are at the 
center of the oil space or at one side. 

I wonder if the author has given con- 
sideration to the stress relations along the 
edges of the paper tapes. While the tubes of 
induction are radial at the center of the oil 
channels, they are not radial near the paper 
edges or within the paper tapes because of 
the complex pattern of paper fibers and oil. 
Are not the critically weak areas inherently 
those at these interfaces or close thereto with 
the probability of rupture at the mutual 
surface, because of overflux concentration 
resulting from the difference in permittivi- 
ties? 

Improvement of the intrinsic dielectric 
strength of these interfaces has been of con- 
cern for many years. For example, densified 
paper eliminated the characteristic windows 
of low-density paper and achieved a laby- 
rinth within the dimensions of the tape. 
Thorough degasification of dielectric ma- 
terials has reduced the gas phase at the 
interface to minute proportions, and appli- 
cation of high operating pressure has in- 
creased the 60-cycle dielectric strength sig- 
nificantly above that obtainable at atmos- 
pheric pressure. The most recent step has 
been the use of very thin tapes in the maxi- 
mum stress zone, thereby reducing the radial 
length of these interfaces, which results in an 
additional increment of dielectric strength. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): We agree with Dr. 
Whitehead’s statement that ‘‘in a graded 
cable, with two papers of different density, 
from the standpoint of maximum oil stress 
alone, nothing is gained by substituting high 
density for low density paper, either inside 
or outside the latter; in fact the maximum 
oil stress is increased.’”’ Some laboratory 
tests which we made about ten years ago 
seem to prove this point. In Table I of an 
AIEE paper by Faucett and others! the 
samples from cable type A stood up better 
on comparatively short time a-c testing (100 
hours or so at 233 V/mil average stress) than 
samples from type B. Samples from type 
C were even better than the other two. It 
should be noted that the type-A cable was 
constructed of paper tapes having the same 
thickness and density, while in type B a 
number of thinner tapes with much higher 
density were used near the conductor, and in 


type ‘C thinner tapes with lower density 
than those in B but higher than in A were 
used near the conductor. The success of 
type-C cable on this short-time test was 
attributed to the somewhat thinner tapes, 
equivalent to a lower total stress across the 
butt space. 

To our sorrow, we had to abandon the 
type-C construction and choose a cable 
having higher density tapes near the con- 
ductor, because type-C cable had an im- 
pulse strength lower than required by the 
AIEE standards. It is possible that the 
AIEE standards are too high for certain in- 
stallations; however, under all conditions a 
certain minimum impulse strength is very 
desirable. 

On Figure 3 of Dr. Whitehead’s paper the 
point of maximum tangential voltage seemed 
to check with our observations of tree 
formations upon examination of samples 
subjected to prolonged ionization. 
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William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Dr. Whitehead has developed a very in- 
genious mathematical method of calculating 
the stress in an oil film adjacent to the con- 
ductor of a cylindrical cable, and his paper is 
devoted essentially to that restricted sub- 
ject. 

If that were all that the paper signifies, 
there would be little in it to which exception 
could be taken. The only limitation that I 
would suggest is that the method is correct 
only for stresses below the ionization point of 
the oil, as with higher stresses the maximum 
stress does not occur at the conductor sur- 
face, but at some depth in the insulation, be- 
cause of the re-entrant shape of the volt- 
ampere characteristic of the insulation at 
high stresses. This was shown by P. L. 
Hoover, in 1926,! to apply to both direct and 
alternating potentials. 

However, the whole significance of the 
calculation of maximum stresses in the oil 
relates to stresses at which ionization does 
occur, and this immediately relates the 
calculation of stress to the breakdown 
voltage. 

While Dr. Whitehead mentions break- 
down strength only once in his paper, it is 
safe to assume that anyone trying to apply 
his calculations to cable design would use it 
in connection with breakdown strength. 

Dr. Whitehead certainly encourages this 
where he says that “‘the use of a higher 
density paper in a cable reduces its break- 
down strength.” I think that he meant to 
say its ‘“‘breakdown voltage.” 

In my discussion I shall use the expression 
“dielectric strength” to designate the charac- 
teristic of the insulation which resists break- 
down and which is due principally to the 
baffle action of the paper fibers against ion 
emission from oil or copper. 

Asa matter of fact, the breakdown voltage 
of a cable is a function both of the stress and 
of the dielectric strength as thus defined. 
The stress in the oil is greater the higher the 
paper density, but so is the dielectric 
strength of the cable. 

These effects, therefore, tend to balance 
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one another, and which of them will pre- 
dominate depends on several circumstances, 
one of which is the time of application of the 
voltage. The importance of this distinction 
will appear later. 

I think that Dr. Whitehead should exclude 
impulse voltages from his conclusions, as I 
do not believe that oil ionization is nearly as 
great a factor as dielectric strength in 
microsecond insulation failures. 

Every cable manufacturer knows that 
high impulse strength is attainable by put- 
ting a few layers of very high density paper 
at the conductor. This gives 20 to 25 per 
cent increase in impulse breakdown on aver- 
age new cable; yet, according to Dr. White- 
head’s formulas, the effect of these special 
papers is to increase the stress and, there- 
fore, inferentially, to reduce the breakdown 
voltage. 

This may be explained partly by a surface 
effect at the conductor. This was illustrated 
very well in a paper by E. Jona, in 1904,? in 
which he tells of comparative tests of flat 
condensers made with high-density papers 
sandwiched between low-density papers, 
and vice versa, the number of sheets of each 
sort being the same in both cases. On 
voltage time test, the capacitors with low- 
density paper adjacent to the electrodes 
failed at 260 kilovolts per centimeter (660 
volts per mil), while those with the high- 
density paper at the electrodes failed at 300 
kilovolts per centimeter (762 volts per mil). 

This phenomenon is not completely under- 
stood, but it may be due to the fact that the 
baffle effect of the paper fibers is most effec- 
tive at the starting point of ion emission 
from the electrodes. Use is made of this by 
having high-density paper as a backing for 
aluminum conductor shields. 

However, this is not the whole story, as 
C.M. Foust and J. A. Scott’ give the follow- 
ing values for new oil filled cables having a 
conductor diameter of 1.89 inch and insula- 
tion thickness 0.5 inch, in which the entire 
insulation, or large proportions thereof, were 


all the paper layers, as the diameter ratio, 
and consequently the ratio of maximum to 
minimum stress, was only 1.05. This means 
that all the oil spaces ionized simultaneously 
and equally, or substantially so, and that 
failure resulted from a general condition 
existing throughout the sample and de- 
pendent only on the average stress in the 
oil. The action in a cable with insulation of 
thickness suitable for high-voltage operation 
is quite different. Here the oil of the inner 
layers ionizes when the stress reaches a 
critical value, but that in the outer layers 
does not ionize. This is where it is im- 
portant to distinguish between breakdown 
voltage and breakdown strength, as in such 
a cable the outward attack by the jets of 
ionized interior oil is countered by the over- 
lying paper fibers to a degree which is 
greater the higher their Gurley density. 
That, I believe, is the principal reason for the 
discrepancy between the universal experi- 
ence with cables and Dr. Whitehead’s test 
data. 

However, explanations on paper are not 
fully convincing, and I therefore had some 
tests made to check their validity. 

It had been suggested, in some vague 
way, that the improvement in dielectric 
strength obtained by manufacturers, when 
they used higher density paper, might have 
resulted from other more or less simul- 
taneous improvements in materials or 
technique. In order to check this, I had 
three cables of the following description 
made in the laboratory, with papers of 
widely different densities, chosen to obtain a 
wide spread of ‘“‘stresses in oil.”’ Great care 
was taken to obtain mechanical perfection 
and uniformity. 


Conductor, 4/0 A.W.G., 19 strands 
Insulation, 220 mils of paper (solid type) 
Ratio D/d=1.83 

Shielded and lead sheathed 


The cables, in duplicate, were subjected 
to 80,000 volts, 60 cycles, with the results 


made with papers of different densities. Snenn in Table Hil. ~The dapbcitescheckad 
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Now leaving the matter of impulse tests 
and returning to the more general subject, I 
will again quote Dr. Whitehead where he 
says: “‘It is a well-known fact that the use of 
a higher density paper in a cable reduces its 
dielectric strength.” Cable manufacturers 
had the opposite experience, and Dr. White- 
head called upon the manufacturers to ex- 
plain the discrepancy. The discussion that 
follows is an answer to that call. 

I do not question the accuracy of Dr. 
Whitehead’s test data, I only challenge the 
too general deductions he has made from 
them. 

Dr. Whitehead appears to have derived 
his belief in the virtues of low-density 
paper largely from his tests of 2!/.-inch brass 
rods insulated with 60 mils of void-free im- 
pregnated paper, in 15 layers of 4 mils each. 
Here, there was little difference in stress in 
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*22 inside tapes. 
+15 outside tapes. 


This is supported by D. M. Robinson, 
who, in his 1935 paper,‘ shows voltage-time 
curves which quite definitely. support the 
view that high-density paper favors high 
breakdown voltage. 

While I believe that the preceding ex- 
planation accounts for the major part of this 
discrepancy between Dr. Whitehead’s tests 
and the manufacturers’ experience, other 
factors may have some influence. 

Thus, in the case of voltages insufficient to 
produce jets of ionized fluid, but sufficient to 
create tangential stresses along the paper 
tapes, ionization has the choice between a 
long zigzag path on tape surfaces and a 
short radial path through the paper. Which 
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path it will take depends both on the paper 
density and the tape stagger, and here/the 
higher dielectric strength of high-density 
paper acts to obstruct failure by the shorter 
path. 

Where high dielectric strength is de- 
sired, Dr. Whitehead’s calculations suggest 
that high-density paper should not be used 
either inside or out. This may be justified 
in the case of his wholly geometrical con- 
ception, from which he excludes “irregular 
pressure strains,’ but actual papers have 
mechanical as well as electrical characteris- 
tics, and pressure strains do exist. These 
characteristics lead to distinct advantages 
when high-density paper is placed over the 
low-density paper, as shown by styrene 
wafers of the two constructions. After load 
cycles, there is a distinct area of cleavage 
between the two types of paper when the 
high-density paper is inside, whereas there 
is tight fit between the two types of paper 
when the high-density paper is outside. 
This area of cleavage has been shown experi- 
mentally to be an invitation to ionization 
and consequent deterioration, in conven- 
tionally graded cable, which shows in de- 
terioration of power factor and decrease in 
impulse strength, after continued load cy- 
cles. 

Finally, cable failure in laboratory tests 
does not necessarily start near the interior 
conductor. For example, while load cycle 
tests of ‘‘graded” cables always show den- 
drites on the inner faces of the tapes, “‘re- 
verse-graded”’ cables often show them on 
the outside faces, indicating that failure was 
initiated near the outer shield rather than 
near the inner conductor. This does not 
check with Dr. Whitehead’s Figure 4, 
according to which the stress is not only 
less at the outer layers of a reverse-graded 
cable than at the outer layers of a cable 
graded with high-density paper inside, but 
also is less than that at the inner layers of the 
reverse-graded cable. 

My conclusion is, therefore, that while 
Dr. Whitehead has presented a very ele- 
gant mathematical study of stress in the 
geometrical picture of a cable, the practical 
application of such a study to the estimation 
of breakdown voltages of actual cables is far 
more complicated than the paper seems to 
imply. 
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J. B. Whitehead: The discussion seems to 
agree on the following: 

1. The method of the paper for computing 
stresses in a new cable is correct and inde- 
pendent of the dimensions of the cable sec- 
tion and of the materials used. 


2. The conclusion from the method that 
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the use of higher density paper in any 
amount or location results in higher values of 
oil stress in a new cable is correct. 


3. Laboratory experiments at Johns Hop- 
kins University on cable insulation 16 
layers thick indicate that most failures start 
in an oil channel and that the short-time life 
of the sample decreases with increasing 
paper density. 


4. In recent years cable manufacturers 
have found that the use of high density 
paper results in a ‘‘better’’ cable, having 
higher dielectric strength. 


The apparent conflict between theory and 
practice as indicated between (2) and (4) 
undoubtedly is due to the fact that in the 
process of cable manufacture some other ele- 
ments bearing on breakdown are introduced. 

Mr. Atkinson thinks a part of these are 
the physical weakening of the paper on 
assembling and bending, and that increased 
care and improvement in materials has at 
least partly accounted for the improvement 
since the introduction of high-density paper. 
Also, he apparently thinks that the case for 
high-density paper, as based on its electrical 
properties, is not yet clearly proved. Mr. 
Komives seems to be of a similar opinion. 
Mr. Del Mar is the ardent champion of 
higher density paper, and apparently feels 
that aside from its mechanical properties, a 
ease can be made for it on its electrical 
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properties as well. With this I disagree. 
But I think we would reach a common 
ground at once if we agree on a definition of 
“failure,” ‘breakdown,’ and ‘dielectric 
strength.’’ Everyone is familiar with the 
time element in the complete breakthrough 
of insulation. But to my mind a cable is on 
the way out, that is, to complete failure, as 
soon as gaseous ionization begins, either in 
an oil channel or in a tear in a paper tape. 
The time element is caused by the more or 
less rapid boring action of the gaseous 
spark through the paper fiber, until an 
avalanche of complete rupture sets in, and 
it seems to me Mr. Del Mar is thinking more 
of these later periods of the progressive 
failure than of the initial fatal step. 

Incidentally, Mr. Del Mar appears to 
have forgotten the test samples of the Johns 
Hopkins experiments. In these the conduc- 
tor was 1.0 inch (not 2.5 inches) in diameter, 
and there were 16 layers of 0.005-inch paper. 
The ratio of maximum stress was 1.15 and 
not 1.05, as stated by Mr. Del Mar. 

So I think that it is safe to say that if we 
have two otherwise similar cables, both un- 
damaged in assembly, one of lower and the 
other of higher density paper, the latter 
would start gaseous ionization at a lower 
voltage, but would run longer than the 
former after it, too, had started gaseous 
ionization at a higher voltage. How much 
higher and how much longer are the open 
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questions, which will require for answers 
very much more extensive study than any 
heretofore published; witness the appar- 
ently conflicting experimental tests now re- 
ported by Mr. Del Mar and those by Mr. 
Komives. 

In view of the foregoing, under impulse 
test the cable with higher density paper 
should have the higher dielectric strength. 

Messrs. Meyerhoff and Ebel and Roeh- 
mann point out interesting variations in the 
numerical values of stress resulting from the 
use of approximate methods, and for exam- 
ples other than that in the paper. All agree 
as to the general validity of the method of 
the paper. 

Answering Mr. Merrell, the maximum 
flux density and the maximum stress 
within the oil gap are along the central 
radius. I do not think these quantities are 
any greater at the edges of the tapes, nor do 
I know of any attempt to discuss the condi- 
tions within the mass of the tape. Most of 
our failures started in the oil (see reference 4 
of the paper). 

In closing it is interesting to note the tests 
of Hopkins, Walters, and Scoville (reported 
at this Winter General Meeting) on rolled 
capacitors of kraft paper and pentachlor 
diphenyl, showing a clear decrease of initial 
internal corona of about 15 per cent with in- 
crease of density of the paper from 0.7 to 
ee 
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HIS paper, one of a series designed 

to give a full report on the previously 
discussed! American Gas and Electric 
Company 500-kv test project, gives a de- 
scription of the extra-high-voltage trans- 
mission system which, based on that in- 
vestigation, has been designed to provide 
the increase in transmission requirements 
of the American Gas and Electric Com- 
pany power system. It, therefore, pre- 
sents the fruits of a major and extensive 
research project in transmission made 
available to the practical job of providing 
additional and much greater transmission 
capabilities for a rapidly expanding and 
growing power system. Itis worth noting 
that the considerations that led to the 
projection of the original research project 
were not only kept in mind throughout 
the carrying out of that research pro- 
gram, but were kept equally in the fore- 
front in the translation of the results of 
the program. The resulting system, it is 
believed, is in consequence unique not so 
much from the standpoint that the volt- 
age is higher than any that has been 
utilized or projected heretofore in the 
United States, but more notably by the 
fact that the basic ideas and the designs 
developed have been based on detail data 
and much information unavailable pre- 
viously and made available directly by 
the research. Aided by this, the margins 
of safety in insulation strength, and in 
factors of safety in general could, there- 
fore, be brought down, and was brought 
down, to within relatively narrow limits 
of the zones of absolute requirements. 
This and the extensive economic analysis 
carried out as a basis for the design of the 
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system as a whole made it possible to pro- 
ject a system not only technically but 
likewise economically sound. 

While all of this will be presented in 
this paper, only a small portion of the 
system projected is now in actual con- 
struction stage: of necessity details of 
other parts of it remain still to be worked 
out as the construction program de- 
velops. 

The main essentials, however, have 
been determined and these, it is believed 
will remain substantially unaltered. 


The Basic Need for Extra High 
Voltage 


The basic need for higher voltage 
transmission has been discussed on a 
previous occasion.? It may, however, be 
interesting and pertinent to summarize 
the need not for the general case but for 
the particular case presented by a power 
system such as the subject system. As is 
well known, the American Gas and Elec- 
tric Company system, because of the 
availability of coal and water resources, 
possesses, to an unusual degree, flexibility 
in the location of its power generation 
facilities; the problem of transmission of 
very large blocks of power, therefore, over 
long distances of the order of 250 to 500 
miles is not encountered. 

Nevertheless, the growth in system 
peak from a value of approximately 
1,000,000 kw in 1940 to a figure of 2,250,- 
000 kw by 1950, with an expected doub- 
ling of that peak, that is, to 4,500,000 kw 
within the next 12 years, has brought 
sharply into focus the need of larger and 
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technically improved transmission facili- 
ties to keep unit costs down with the 
growth in system size. This is sharpened 
by the development of larger and larger 
units at steam-electric generating stations 
to the point where units of 200 megawatts 
net capability to feeders have been pro- 
jected and are in process of construction 
on the subject system. 

The need for greater transmission 
capacity is brought about by the following 
factors: 


1. The necessity of carrying larger blocks 
of load to load centers even though the 
distances involved preclude classing the 
lines as long distance transmission lines. 


2. The necessity of shifting generation 
from one plant to another both for emer- 
gency and for economy reasons. 


3. The required ability to transmit loads 
from points of overbalance between genera- 
tion and load and points of deficiency during 
relatively brief but frequently occurring 
periods as a result of carrying on expansion 
and construction in relatively large blocks at 
successively different points on the system. 


4. The need to restore flexibility in the 
basic transmission system which to a con- 
siderable degree has been lost due to system 
loads and generating units outgrowing the 
present 138-kv system. 


5. The fact that necessary expansion of 
transmission capability at the present 138- 
kv level is becoming more difficult all the 
time because of the multiplicity of rights- 
of-way required. These difficulties, it ap- 
pears almost certain, will grow into almost 
insurmountable obstacles as densities of 
load and of population increase, and parti- 
cularly as centers of transmission originally 
developed in relatively sparsely settled areas 
become more thickly populated. 


6. The obligation to provide for the needs 
of national defense. 


7. The pressing, almost imperative need to 
take measures designed to counterbalance 
in part or in whole the natural increase in 
cost at a given voltage as system size grows 
and as areas grow and develop, and the ab- 
normal increases in cost as a result of the 
postwar rise in cost of basic materials, labor, 
and equipment. 
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Figure 1 (left). 
Typical 3-phase 


corona loss versus 

conductor diam- 

eter and line vol- 
tage 
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Figure 2 (right). 
Typical 3-phase 


kw/30/MILE 


corona loss versus 
conductor diam- 
eter at line-to- 


line voltages of 
287, 300, and 


315 kv under 
various weather 


conditions 
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Considerations in the Selection of 
Voltage Level 


With the development and superposi- 
tion of higher voltage transmission an 
inescapable requirement, the central 
question on which intensive study and 
research has been focused for the past 
several years, was the transmission volt- 
age level to be used. It is believed that it 
will be of interest to describe some of the 
many considerations that have entered 
into the selection of this voltage. The 
final answer, of course, represents an-ap- 
proximate balance between opposing 
factors, such as those relating to tech- 
nical difficultiéS and economic considera- 
tions, as well as practical performance. 

Looking back over past experience, one 
notes that the present voltage, 138 kv, 
has taken care of system growth over a 
period of more than 30 years. It seems 
reasonable, therefore, to expect that the 
new voltage level should be capable of 
meeting internal system requirements for 
at least as long, certainly not less than 30 
years, based upon the best load predic- 
tions it is possible to make at the present 
time. 

In addition to adequacy from the 
standpoint of internal system require- 
ments, consideration in voltage selection 
also was given to interconnection capacity 
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between systems and areas. As the 
neighboring systems grow in size, both in 
total load and in size of individual gen- 
erating units, it is logical that capacity of 
interconnections between systems should 
be increased on a similar scale. Adequate 
capacity in this respect is not only im- 
portant from the standpoint of emergency 
arrangements, staggering of generating 
capacity, and so forth, but also from the 
standpoint of national defense. 

Other considerations which were 
brought into the problem of voltage 
selection had to do with keeping lines in 
service. One of these is the sleet problem 
which is a very serious one in a large 
part of the territory covered by the 
American Gas and Electric Company 
system. The solution of this problem by 
outright melting of sleet on 138-kv cir- 
cuits has been developed and on repeated 
occasions is being used successfully.'® 
Based upon this experience and upon 
weather records in the area concerned, it 
has been concluded that the design of the 
new high-voltage system must be such 
as to permit sleet melting, if not in the 
first stages, at least in the system as it be- 
comes fairly well developed. Obviously, 
since both the conductor diameter and the 
conductivity necessarily go up as the 
voltage level is increased, the sleet-melt- 
ing problem will likewise become more and 
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more difficult and may constitute a prac- 
tical limit to the voltage level selected. 
Another important consideration in 
keeping lines in service is the use of hot- 
line maintenance procedure. On the 
present 138-kv system this is considered 
a necessary routine and in order to main- 
tain maximum service continuity on the 
higher voltage system, it will be highly 
desirable to be able to retain this practice. 
While it may not be feasible to continue 
such practices if and when much higher 
voltages are used, nevertheless, it is be- 
lieved entirely practicable to use hot-line 
maintenance in the range of voltages 
under consideration for this project. 
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Figure 3. Increased capitalized cost of corona 

loss and generating facilities for each 0.05- 

inch increase in conductor diameter at various 
conductor diameters 
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Tied in with the limitations in the 
selection of voltage brought about by 
sleet melting and hot-line maintenance, 
are the practical questions and economic 
implications of double-circuit versus 
single-circuit lines. While it is not neces- 
sarily a foregone conclusion that 345-kv 
or even 360-kyv double-circuit lines could 
not be built from a practical standpoint, 
at the same time, at these voltages, a 
double-circuit line would in effect tie up 
an excessively large transmission capa- 
bility on one right-of-way. For example, 
on 100-to-150 mile sections at 360 kv, this 
capacity would approach 1,000,000 kw. 
On the other hand, a 315-kv double-cir- 
cuit line appears to offer all the advan- 
tages of sleet-melting feasibility and hot- 
line maintenance procedures, and at the 
same time does not involve so great a 
capacity concentrated in any one route 
that the voltage would have to be re- 
jected for that reason. 

That corona and radio influence effects 
were factors to be considered in choosing 
a satisfactory transmission voltage were 
early recognized and steps taken over 
three years ago to investigate these fea- 
tures by organizing and carrying out an 
extensive field research.2-* Basically, 
corona produces two adverse effects: 
First, energy loss which must be kept 
within economic limits, and second, radio 
influence in areas adjacent to the line, 
which again must be held within toler- 
able limits, keeping in mind the type and 
character of populated areas where high- 
voltage lines will most likely be built. 

Both of these features, corona and 
radio influence, increase rapidly as line 
voltage is raised for any size, type, and 
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Figure 5. 1.60-inch outside diameter expanded steel reinforced aluminum cable 


1,269,000 cm aluminum; 


798,000 cm copper equivalent; 


ve 


1.833 pounds/foot; 41,970 


pounds tensile strength 


arrangement of conductors within prac- 
tical limits. Just how they increase is 
covered by the results of the Tidd field 
research project in companion papers.’ 1° 
The method of evaluating these features 
in the transmission system here described 
is covered in considerable detail later in 
this paper. 


Final Determination of System 
Voltage 


In the process of determining a final 
voltage level for the new transmission 
system, it was necessary to follow through 
each of the general considerations men- 
tioned previously with a definite quanti- 
tative evaluation of all of the important 
factors. As the entire project hinged on 
these evaluations, some of them are de- 
scribed in detail here. 

While estimated future loads consti- 
tute a quantitative factor in the deter- 
mination of the best transmission voltage 
at the same time on an interconnected 
network type of system where line load- 
ing requirements arise from a variety of 
conditions, as compared with straightfor- 
ward bulk power transmission, the evalua- 
tion of this factor does not lend itself to a 
simple direct solution. For this reason 
the approach has been to examine by 
means of rather extensive network an- 
alyzer studies the performance of the 
future system as plans were developed, 
using voltage levels from 287 kv to 360 
kv or higher. For each voltage, critical 
system conditions such as generator unit 
outages, interconnection loadings, and so 
forth, were varied to test the capability of 
various transmission elements under the 
heaviest assumed loads. Also, since these 
studies were carried out over a period of 
several years, important economic de- 
velopment and concept occurred which 
required changes from time to time in 
basic ideas as to the future system plan 
—changes both in plant locations, size of 
units, and so forth, as well as in the 
transmission and switching layout. From 
all of these studies it was possible to judge 


fairly well the adequacy of a given voltage 
to handle future load requirements, even 
though quantitative exactness was not 
obtainable. 

As an example of one of the earlier 
studies, Figure 8 shows one power-flow 
diagram of a projected 4,500,000-kw 360- 
ky system. Other studies were made at 
voltages of 345 kv, 330 kv, 287 kv, and 
more recently at 800 and 315 kv. A 
typical power flow diagram taken from 
studies of a 6,000,000-kw system at 300 
kv is shown in Figure 9. 

For a system such as the one studied, 
while the over-all length of the high- 
voltage system will be quite large, the 
effective transmission distance involved 
in any one line element will be moderate. 
For example as shown in Figures 8 and 9, 
these distances vary from a maximum of 
about 175 miles down to 50 miles or less. 
The load carrying capability per circuit 
of these lines will, therefore, range from 
around 1.5 times surge impedance loading 
for the longest line, up to at least 21/2 
times surge impedance loading for the 
shortest. At 287 kv this gives 300 to 500 
megawatts, whereas at 345 kv it would be 
450 to 750 megawatts. This means that 
the 175-mile line capability limit is sta- 
bility and the ability to hold voltage and 
supply the reactive loss in the line (ap- 
proximately 125,000 reactive kilovolt- 
amperes at.345 kv and 450 megawatts), 
whereas the 50-mile line limit may be a 
matter of thermal capacity of conductors 
as well as reactive loss. For example, the 
line currents associated with these limits 
for the 50-mile line loading would be 
about 1,000 amperes and 1,250 amperes, 
respectively, for 287 kv and 345 kv. 

The conclusions drawn from the power 
flow studies were that for the loads as- 
sumed, adequate transmission capacity 
was provided by any of the voltages 
tried, ranging from 287 kv to 360 kv; 
but the main difference was that 287 kv 
required double circuits on some of the 
lines, whereas single circuits were ade- 
quate throughout with 345 kv or 360 kv. 
This, naturally, brought out the fact that 
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the capability of a 287-kv double-circuit 
line exceeds that of a 345-ky single cir- 
cuit by 38 per cent and 360 kv by 27 per 
cent. As the studies progressed with 
ever-increasing goals of future loads, the 
possibilities of double-circuit lines become 
more and more attractive. 

Concurrent with future system power 
flow studies, economic studies, investiga- 
tions of corona, and radio influence also 
were being carried on intensively, and the 
results, particularly as to radio influence, 
played a very important if not decisive 
part in the final selection of voltage 
level. Corona losses as such are of in- 
terest and the economics of corona loss 
will be discussed later, but they were defi- 
nitely not a determining factor in select- 
ing the system voltage. 

To facilitate evaluation of the radio in- 
fluence factor, a summary of representa- 
tive data accumulated from the American 
Gas and Electric 500-kv test project, from 
field tests on operating lines, and from 
laboratory tests, is shown in Figure 4. 
A study of this figure gives the informa- 
tion shown in Table I. 

In each case in the table it is assumed 
the operating voltage is 5 per cent above 
rated. 
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From this data it was immediately 
evident that an excessively large and un- 
wieldy single conductor would be neces- 
sary with a voltage level as high as 360 
kv, or even 345 kv, if radio influence 
were to be maintained at a reasonably low 
level. Bundle conductors were con- 
sidered, but ruled out rather early in the 
project because of complication and ex- 
pense introduced in stringing, sleet melt- 
ing, hot-line maintenance, high tower 
costs, and so forth. 

These results, therefore, tended to dis- 
courage the adoption of the higher voltage 
single-circuit idea and to favor more than 
ever the use of double-circuit lines at a 
more moderate voltage. 

With the upper limit of voltage fairly 
well established, a further examination of 
previously discussed limitations of sleet 
melting, hot-line maintenance, and other 
factors led to the conclusion that the new 
transmission lines should be double-cir- 
cuit construction rated tentatively at 300 
ky (315 kv maximum), and using a 1.6- 
inch diameter conductor and all other de- 
sign features suitable for a 315-kv nom- 
inal rating, 330-kv maximum. As will 
be described later, all insulation require- 
ments, including line units, transformer 
basic impulse insulation levels, and so 
forth, have been based on the 315-330 
kv level. 

While the final decision on voltage 
level was thus based largely on radio in- 
fluence and other considerations de- 
scribed previously, corona losses and 
their economics were also carefully an- 
alyzed. Obviously, any economic evalua- 
tion to be significant must be based on 
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Figure 6. Outline 
of double-circuit 
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A—300/315-kv 
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annual integrated energy losses under all 
types of weather, since stormy weather 
losses are many times greater than fair 
weather. From tests made at the Ameri- 
can Gas and Electric test site, the data in 
Figure 1 have been compiled to show 
typical corona losses to be expected for a 
conductor size from 1.1 to 2.0 inches in 
diameter, and for line voltages from 287 
to 400 kv line to line, under fair weather 
and rain. Similar typical data under ap- 
parent fair weather, all weather, stormy, 
and maximum stormy weather are given 
in Figure 2, in the voltage range of 287 to 
315 kv, and for conductor diameters from 
1.3 to 2.0 inches. The large increase in 
corona loss as the conductor diameter is 
decreased and the voltage increased is 
evident. 

With a conductor outside diameter of 
1.6 inches and a line voltage of 315 kv, the 
maximum apparent fair weather loss is 
0.2, the all weather loss 1.8, the storm 
weather loss 10, and the maximum storm 
weather loss 69 kw per 3-phase mile of 
line. 

While widespread storm conditions in- 
volving considerable line mileage could 
produce corona loss increasing system de- 
mand, it does not appear that the in- 
crease would be significant or burden- 
some with a 1.6-inch, or even a somewhat 
smaller conductor. The high probability 
of diversity between the rather infre- 
quent occurrence of such a system con- 
dition simultaneously with a monthly or 
yearly peak system demand would seem 
to preclude evaluating such a loss in terms 
of investment in generating capacity. 

To evaluate the economics of decreased 
corona loss by increasing the conductor 
diameter in successive steps of 0.05 inch, 
Figure 3 has been developed from the 
data in Figure 2. On a 315-kv line, for 
example, an increase in conductor diam- 
eter from 1.6 to 1.65 inches shows the 
annual savings in corona loss (using 
energy at $0.0025 per kilowatt-hour, and 
annual charges at 16.25 per cent) would 
justify an increased investment of only 
$94 per mile. Since this amount would 
be far less than the actual cost of installing 
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the increased conductor diameter, it is 
obvious that the annual integrated corona 
loss is not a determining economic factor. 


Determination of Various System 
Features 


From the very beginning of the project 
a great deal of research and study was 
being given to all of the features of the 
high-voltage system, including line and 
transformer insulation, tower design, 
switching layouts, conductor conductiv- 
ity, relaying, and many others. How- 
ever, it was impossible to bring most of 
these to final decisions until the voltage 
level had been decided. The determina- 
tion of some of these features will be dis- 
cussed below. 


CONDUCTORS 


While the conductor diameter of 1.6 
inches was determined principally by 
radio influence requirements as described 
before, the conductivity required is based 
upon at least three considerations: First, 
the thermal requirements to carry the 
maximum load that a circuit would ever 
be expected to carry; second, the econom- 
ics of resistance losses, taking into ac- 
count both the capacity losses and the 
annual energy losses involved; and, 
third, the feasibility of melting sleet. 

As pointed out previously, the shorter 
line sections at least should be capable of 
carrying not less than 2'/, times surge 
impedance loading, which at 315 kv 
would be 625,000 kw, or a current of ap- 
proximately 1,150 amperes. A study of 
loss economics, based upon reasonable 
line loading assumptions, indicated, how- 
ever, that substantially higher conduc- 
tivity than that required for the 1,150- 
ampere thermal limit would be justified. 
At this point, a conductor of 850,000- 
circular mil copper equivalent was seri- 
ously considered, subject to a study of the 
sleet-melting problem. Extensive net- 
work analyzed studies were made, in ad- 
dition to actual ice melting tests by the 
conductor manufacturer on different con- 
ductor sizes. From all of these it was con- 
cluded that the conductor should be 
brought down to 800,000-circular mil 
copper equivalent as a compromise in the 
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Figure 7. Stockbridge dampers over tapered armor rods on 1.60 inch outside diameter steel 


reinforced aluminum cable. 


Dampers have been designed to shield ends of armor rods from 


corona 


interest of successful sleet melting, which 
it is believed, can be accomplished in 
spite of some difficult problems. It is 
planned, of course, to utilize 138-kyv 
sources applied directly to 315-kv lines, 
which will have to be short circuited at 
the far ends of 60- to 75-mile sections. 

The final conductor design, Figure 5, 
will be 1,269,300 circular mil steel-rein- 
forced aluminum cable, or 798,300 circular 
mil copper equivalent, 1.6-inch diameter, 
and 1,883.6 pounds per thousand feet. 
It will have two layers of 0.1546-inch 
diameter aluminum strands, 28 and 22 
strands in the first and second layers re- 
spectively, and a steel core of 19 strands 
of 0.0874 inch. The 1.6-inch diameter 
was obtained by incorporating between 
the aluminum and the steel core, a filler, 
consisting of two layers of twisted treated 
paper twine, 12 strands in the outer and 
eight in the inner layer, and in addition, 
two aluminum wires in each paper layer 
to increase the compression strength of 
the cable. The ultimate strength will be 
41,970 pounds. 


SYSTEM OVERVOLTAGES 


A knowledge of the magnitude of both 
60-cycle and switching surge overvoltages 
on the system is necessary if insulation is 
to be applied on the most economical 
basis. Transient analyzer studies and 
calculations were therefore made to de- 
termine these. 

The interconnected network type of 
system, such as herein described, does not 
present the severe 60-cycle overvoltage 
possibilities inherent in systems with long 
1-way bulk power transmission lines, par- 
ticularly where hydro-generator over- 
speeding must be added to the other 
causes of overvoltage. The studies on the 
proposed high-voltage system indicated 


no more than 18 per cent 60-cycle over- 
voltage, that is, above a maximum opera- 
ting level of 330 kv. 

Switching surges, or transient over- 
voltages accompanying one or more re- 
strikes in a circuit breaker during the in- 
terruption of line charging current, were a 
matter of some concern. Transient an- 
alyzer studies were made to simulate the 
most severe switching operations that can 
take place, including line sections of con- 
siderable length switched on high or low 
side of transformers, and with simulated 
restrikes from 0 to 3. From these studies, 
switching surge voltages were found to be 
of the order given in Table II. 

Although an essentially nonrestriking 
type of circuit breaker may be used, 
nevertheless it was felt that it would be 
wise to allow for one restrike, which would 
mean a switching surge transient of 2.8 
times normal line-to-ground voltage. 


LINE INSULATION 


There are three types of overvoltages 
which must be considered in determining 
line insulation requirements. First, nom- 
inal frequency or 60-cycle voltages 
under both normal operating and line 
fault conditions. Second, overvoltages of 
short duration due to switching surge 
phenomena; and third, overvoltages 
due to lightning against which it may not 
always be possible to completely insulate, 
even with a well shielded line and low 
tower footing resistances. A fundamental 
engineering approach was made to the 60- 
cycle and switching surge problems 
rather than the somewhat arbitrary and 
rule-of-thumb method of supplying in- 
sulation on a three to five times normal 
line-to-ground voltage basis. 


60-Cycle Requirements: As the 300/315 
kv system will be solidly grounded the 
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Table Ill. Basis for Determining Line Insulators for 315-Kv Rated System 


(Factors or Margins Added to Obtain Requirements) 


Factors For 


60 Cycle Switchingt 

Rms-Wet* Surges 
Max, operating voltage times rated. ..... aS (nell Sate or ora an seater 1.05 
LEUNG aera: 5a slyiv poe 0 6 0 Glare 6 ouelviely 1.20 
MS ISS ATT Tar oka caret oe VL aioli stihl cla, Sele olate miaya avecet shy. visleve te erate, avers 2.8% 
BUMMER ISS CO SWICCHING SUEZEs/.)6ccdicsesicieee dives ve ccbioewesclecaaneore 1.15 
Contaminated atmosphere.............. EGO @ oa aire nite Te 10 
MARIE SS che g 0d 5151 Vee'a le ae, e784 0-0 cic le a4) albip'e sein da ele aie etce a dlwerhmecs 1.0 
Withstand vs. Flashover................ Nee ea ee Aer rier ner, 1.15 
Nonstandard atmosphere............... ELOR BAD Maine oust 1.10 
GLC Ch DOO eRe Wet hel pt con Sa tF ALS: 
Use of grading shields.................. re OSD el ora ahr a's Mitre oh 1.00 
EEE Is PC e cha 1 oy cTeuss’sSiavousvaiere ata Gin oleate Tiel eht/ vs'o,e bier Yisrw Wis wesc 1.414 
UIPUEAVEMMSINGEOD, fc cccs ccc ncss sac eves Ritihigp ye SW tetas sua ste 1 unit 
Hot-line maintenance.,...............45 Ditters gin k eter atte 1 unit 
REMI ULSERCE OR itu icinie “i, ii aie eter wo ee a lees Sio0+2 tats wea wre 7.7+2 units 
RM Te ecics'yxincRe ceive cnveh evens 60 Cy. rms-Flashover............ Critical pos. impulse 

Flashover 

Resultant no, 53/1” X10” Units.......... VES Be ccihntuceniien 17!/2 
MRRLOLS AOLECTEM cise ce cen eens 18 


aicrvaiiey ata aitrustadel « 18 


* Based on wet 60-cycle Flashover-rms. 
+ Based on critical impulse and crest of 60 cycle. 
4#* Based on one arc restrike in circuit breaker. 


60-cycle requirements will be based on the 
rated line-to-ground voltage. During 
system faults this voltage will increase 
momentarily until the fault is cleared. 
Calculations on the ultimate system in 
question indicated this might increase to 
1.18 times normal. A rounded figure of 
1.20 was used in this study. 

Other considerations include margins, 
or factors, for such features as contami- 
nated atmosphere, insulator withstand 
voltage versus flashover, nonstandard 
atmospheric conditions, and an over-all 
factor of safety of 50 per cent. The 
factors used for the various items are 
given in the first column of numbers in 
Table III. Applying these factors to the 
published values of wet flashover of stand- 
ard 5%/, by 10 inches insulators gave the 
required number of units. One extra 
unit was then added to provide against a 
unit in a string becoming defective in serv- 
ice, and another unit was added as an 
additional protection for hot-line main- 
tenance. This resulted in 171/3 units, or 
the practical figure of 18 units. The wet 
flashover voltage of 18 units is 3.8 times 
the 60-cycle rms line-to-ground voltage of 
arated 315-kv system. 


Switching Surge Requirements: While 
it may be expected that so-called no- 
restrike circuit breakers will rarely have a 
voltage restrike, some insurance should 
be provided in case occasionally during 
their life a restrike should occur. As- 
suming, therefore, that one restrike might 
occasionally occur, insulation should be 
provided for this condition. Again using 
selected factors for environmental and 
operational features as shown in the last 
column of Table III, a value of 18 53/,- 
inch units also was indicated for switch- 
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ing surge requirements. A similar ap- 
proach to the switching surge require- 
ments based on the insulators having the 
same flashover if the crest of the 60-cycle 
and switching surge voltages were the 
same, and a factor of safety of 25 per cent 
instead of the 15 per cent used on the 
critical impulse basis also indicated 18 
insulators as needed. Thus both 60- 
cycle and switching surge considerations 
gave the same results, namely, 18 5°/4-inch 
insulators per string. 


LINE LIGHTNING PERFORMANCE 


Assuming 18 5%/,-inch insulator units, 
tower footing resistances not to exceed 20 
ohms, and a ground wire separation in 
midspan of 48 feet, the line lightning 
flashovers per 100 miles of line per year 
has been determined for an isoceraunic 
level of 45 as 0.3, or one in three years. 
Most of such lightning flashovers, al- 
though infrequent, would not be expected 
to cause a service interruption since high- 
speed reclosing circuit breakers will be 
used, and the timing of the lightning on 
the 60-cycle wave will not always produce 
dynamic current flow. 


COMPARISON WITH INSULATION OF OTHER 
Hicu VOLTAGE LINES 


In Table IV is given a comparison of 
the line insulation and characteristics 
with some published data on two other 
high-voltage lines. 

Assuming insulator string flashover is 
15 per cent higher than the withstand 
voltage, the comparisons given in Table 
V are of interest. The insulator dry 
flashover is not considered of particular 
importance. The impulse flashover is 
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related only to lightning performance of a 
line, not to its 60-cycle voltage require- 
ments. Provision against wet flashover 
are of the same order for all three lines 
namely 4.5 to 3.8 kv per kilovolt of line 
rating. If the American Gas and Electric 
system is limited to 300-ky rated voltage 
instead of 315, the ratio becomes 4.0 the 
same as the Swedish line. At 315 kv, 
however, the insulation will be stressed 
5 per cent higher. 


TOWER DESIGN 


Tower design is based on a number of 
factors such as conductor loading assump- 
tions, height of conductors above the 
ground, angle of sideswing of the insulator 
strings, and clearance of the conductors to 
the tower members under maximum as- 
sumed insulator string deflection. 

Studies on system load requirements 
resulted in a decision to utilize double- 
circuit towers on the first link of the high- 
voltage network. This first line will ex- 
tend from Philip Sporn Station to the 
Kanawha Station near Glasgow, West 
Virginia, a distance of 63 miles. One cir- 
cuit only is to be installed at the present 
time. This line will traverse rolling and 
mountainous sections of country, with 
spans up to 3,000 feet or more. 

One of the prime considerations in 
mechanical line design is the choosing of 
the conductor tension. On our first line 
which as noted previously, traverses 
rugged country, a value of 13,500 pounds 
was chosen for a loading condition of 
1/2-inch ice and 8-pounds wind. This 
load is only 321/, per cent of the tensile 
strength of the cable, but was chosen to 
give the most economical tower weight 
per mile of line for this particular topog- 
raphy where advantage can be taken of 
the rolling nature of the profile without 
resorting to high conductor tension. In 
flat country, on the other hand, higher 
tensions are indicated. 

Only a single ground wire will be used. 
This will be installed at the center of the 
tower and will be a standard steel-rein- 
forced aluminum cable of 159,000 circular 
mils. 

The minimum clearance from the bot- 
tom conductor to ground will be 35 feet. 
The minimum length of crossarms was 
determined by the assumed clearance to 
steel of 7 feet-9 inches under a sideswing 
deflection of 35 degrees. The vertical 
separation of the crossarms also was de- 
termined by this same condition plus the 
clearance requirements for offsetting the 
crossarms. The middle arm extends 6 
feet-6 inches beyond the top arm and 5 
feet beyond the bottom arm. The offset 
is to provide protection against conductor 
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contacts under conditions of dancing con- 
ductors or sleet unloading. 

The basic tower height is 148 feet over- 
all although the tower can be shortened 
20 feet to take advantage of favorable 
topographical conditions in hilly country. 
An outline of the two circuit suspension 
tower is shown in Figure 6(A), and a 
similar tower now in use on the 132-kv 
American Gas and Electric Company 
system in Figure 6(B). 

In order to reduce the weight of the 
towers“it was decided to utilize silicon 
steel for the leg members. Silicon steel 
has a minimum yield point of 45,000 
pounds per square inch as against 33,000 
for carbon steel and consequent weight 
reduction more than offsets the higher 
cost of the material. The suspension 
tower is designed for a normal span of 
1,100 feet with a 5-degree angle in the line 
or a tangent span of 1,700 feet. The 
angle tower is designed for a normal span 
of 1,100 feet with an angle in the line of 11 
degrees. The strain tower is designed for 
a normal span of 1,100 feet with an angle 
in the line of 30 degrees. 


LINE HARDWARE 


As cable diameters increase the tend- 
ency of vibration troubles increase. On 
the first line of the high-voltage system 
both armor rods and vibration dampers 
will be used. Although our experience 
with Stockbridge dampers on some 5,000 
circuit miles of 132-kv line has shown that 
dampers are effective in preventing con- 
ductor breaks, the added precaution is 
taken of installing armor rods. This is 
partly due to the desire to prevent con- 
ductor damage from flashovers of the in- 
sulator strings. In Figure 7 it will be 
noted that the armor rods after installa- 
tion are 18 feet-6 inches in length. The 
dampers are installed at the ends of the 
armor rods, and, in addition to damping 
the vibration, are also designed to form 
corona shields for the clamps holding the 
ends of the armor rods. An unusual fea- 
ture of the dampers is that they extend 
transversely from the conductors instead 
of longitudinally like the conventional 
Stockbridge dampers. The dampers are 
29 inches long and weight 25 pounds. 
The weights themselves are made of 
aluminum. 

Insulator shields will be installed at the 
line end of the insulator strings. They 
will serve to grade the voltage distribu- 
tion on the insulators and also to shield 
the conductor clamps from corona. 

Conventional-type suspension clamps 
will be used. The dead-end clamps will 
be of the hydraulically compressed type. 
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Table IV. 


Hoover- 


Insulation Characteristics, Extra High Voltage Lines “ 


// 


American Gas & 


Los Angeles Sweden* Electric Company 

Rated Line kv, phase to phase.............-. BETA ieonianm uae S80 aan come 300/315 

No: 55/4” instalatorai rs csivs ols ie rereialelse/eivieiniwary BEE wc sk Dainty DOR ie sia.% eee 18 
60-cy. Dry Flashover, kv.......c.sse00-s: L100 M, cinoeertnte bP AU ee trenceeig fect 965 
60-cy. Wet Flashover, kv..........+00005 7 SOs wrclare apace WOOP Psi sauna 690 
Impulse Flashover, KV........+00sseeeeees L S250 Parieextel a 1, 560 Their oes 1,585 

Cond. clearance to ground...........0e0000s O/* Nien iles B.clecdynn sh Cohen 7'x9" 
At Angle of, dé@grees, oc. cscsces ccna cose 1 SR RT OR OUR ori hae Cee nc 35 
Impulse Flashovertin: cussion yar tie irises 1, B55... sinoistesidieurretee dietere ceteris 1,430 Ga 
At Angle of 0 degrees. 6.6 i 6. ojo rae 9 en nre vlohel= wy nie sisi als! aiinlalle aU aM PLG Ne ns ortcep\ <7 Hisete ae 13’ 

Max. shielding angle of ground wire— 
RU GTOSS: (sis Sin Wein en ya eraye esetereie Wit ain od oe OS, bie tiamarena ktean elaine iets teroe eae are 33.5 


Phase to phase, feeticcc. ccs cs ocr eens case eoO Ge qOw a elale erasisieie th pears, 21,5/35.6t 


* See reference 17. 
+ Withstand values. 


** First figure vertical—second, horizontal between conductors. 
} First figure vertical between conductors—second figure horizontal between circuits. 


§ Equivalent 5*/,” units, 


INSULATION FOR TRANSFORMERS 


As large savings in transformer costs 
are possible in the high-voltage range if 
insulation can safely be reduced below 
present-day standards, an intensive study 
of this problem was made. Here, as in the 
line insulator determination, three types 
of voltage have to be considered: im- 
pulse or lightning, switching surge, and 
60 cycle. 

The impulse (or basic insulation level) 
requirements were studied first. As light- 
ning arresters will be used close to the 
transformers to limit lightning and surge 
voltages, the 60-cycle rating of the light- 
ning arrester which would seal against 
dynamic voltage was determined, based 
on the maximum line-to-ground over- 
voltage under fault conditions, and 10 
per cent added as a factor of safety. The 
protective level of this lightning arrester 
(maximum voltage drop when discharging 
5,000 amperes) was increased by 20 per 
cent. This was the required basic im- 
pulse insulation level of the transformer. 
For the 315-kv rated system, the basic 
impulse insulation level so arrived at was 
1,110, based on present-day station-type 
valve lightning arresters. A reduction of 
about 5 per cent in this basic impulse in- 
sulation level would seem to be justified, if 
advantage were taken of the diversity 
factor in stacking a large number of 
separate lightning arrester units all of 
which would not have the maximum pro- 
tective level. This would give a 1,050 
basic impulse insulation level, the value 
now known as the 230-kv insulation class. 
However, this 1,050 basic impulse insula- 
tion level was not selected, as further 
study indicated that the 60-cycle voltage 
test requirements inherently produced a 
higher basic impulse insulation level, 
namely 1,125. 

A transformer, as well as other insula- 
tion, must have a 60-cycle insulation 
strength suitable for continuous normal 


operation. On the basis of present-day 
transformer insulation characteristics, ex- 
perience, and risks in setting the 60-cycle 
test at an impractical low figure, a 60- 
cycle 1-minute test of 500 kv was agreed 
upon as the lowest permissible. Since 
there is a pretty well defined ratio be- 
tween 60 cycle test and impulse test in 
high-voltage transformers today, this 
500-kv 60-cycle test resulted in an in- 
herent transformer impulse strength of 
1,125. Thus the required 60-cycle test, 
in effect, set the basic impulse insulation 
level at a value higher than required for 
protection by the lightning arrester. 
This in effect results in a protective 
margin of nearly 30 per cent instead of 20 
per cent between the lightning arrester 
level and the transformer basic impulse 
insulation level. This is in the right direc- 
tion, since the lightning arrester cannot be 
located at the terminals of the transform- 
ers on a high-voltage system of this type 
on account of physical dimensions of the 
lightning arrester and required electrical 
clearances, and the added impulse margin 
may well be partially consumed in this 
“distance factor.” 

The insulation for the transformers has, 
therefore, been set at 500-kv 60-cycle 1- 
minute test, and basic impulse insulation 
level of 1,125. These values were found to 
provide adequate insulation strength 
against switching surge voltages per- 
mitted by the arrester. 


Table V. Ratio of Insulator Flashover to 
Rated Line to Ground Voltage 


Hoover- 
Los 
Angeles Swedish A,.G.E. Co. 
Line 287 Kv 380 Kv 300/315 Kv 
60-cycle dry......... 4.9.. 5,3* 
60-cycle wet.. 4.0.. 3.8* 
Impulse...... Siew 8.7* 


* Based on rated voltage of 315 kv. 
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INSULATION OF STATION EQUIPMENT 
(ExcepT TRANSFORMERS) 


The insulation requirements within the 
station (except the transformers) has not 
yet been definitely decided. However, 
some of the preliminary thinking may be 
of interest. 

The philosophy of having the main bus 
insulated higher than other equipment in 
the station it is planned to continue. 
Clearances to ground and between phases 
will be influenced by studied electrical 
requirements, the expected use of grading 
or corona shields in many locations, and 
the provision for hot-line maintenance. 

The stations will be well shielded 
against direct lightning strokes. The in- 
sulation requirements on the circuit 
breakers will depend to some degree on 
whether lightning arresters are used on the 
circuit breakers in addition to those on 
the transformers. Circuit breaker eco- 
nomics may well decide this point. 


RELAYING 


Preliminary studies indicate that the 
electrical characteristics of the high-volt- 
age system approach sufficiently close to 
those of systems now in operation that 
existing relaying methods and equipment 
can be applied with the same degree of 
success now being obtained on our lower 
voltage transmission systems. There 
will be some form of carrier relaying, 
which will probably be controlled by dis- 
tance relays having phase angle discrim- 
ination, and by conventional ground 
directional relays. Some other possibili- 
ties of new types of relaying also are being 
considered, but these investigations have 
not yet been carried far enough to in- 
dicate their practical value. 

The protective relaying equipment will 
be selected to meet the modern require- 
ments of high-speed circuit interruption. 
Ability to carry maximum system loads 
and transient swings without false trip- 
ping, and adequate sensitivity to detect 
all line short circuits will be given special 
attention. Provision will be made for 
simultaneous tripping of circuit breakers 
at both ends of the line so as to permit 
high speed reclosing. 


SWITCHING 


The circuit breaker problem on the 
315-kyv system as now projected does not 
appear to present any unusual difficulties. 
Calculated interrupting duties are well 
below 10,000,000 kva and circuit breakers 
have already been designed for high-speed 
3-cycle interruption and 15- to 20-cycle 
reclosure. To take care of future ex- 
pansion. it is believed that circuit break- 
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Figure 8. Power flow diagram on 4,500,000-kw 360-kv system 


ers should be developed for not less than 
15,000,000 kva and at this voltage there 
should be no serious difficulties of design 
or manufacture. 

While switching arrangements for the 
ultimate system will be given consider- 
ably more study before final decisions are 
reached, the general trend of thinking, 
based upon studies of various switching 
schemes including ring-bus and modified 
ring-bus layouts, is that for major switch- 
ing stations the present conventional 
double bus arrangement using one circuit 
breaker for each line circuit and two cir- 
cuit breakers for each transformer circuit 
offers a high degree of flexibility and re- 
liability at little greater cost than other 
less flexible schemes, such as modified 
ring-bus arrangements. A straight ring- 
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bus for more than four circuit elements 
was not considered satisfactory in any 
event because of the certainty of having 
the system split apart if a line outage 
should occur during maintenance of any 
one line circuit breaker. 


Projected Superposition of Extra 
High Voltage System on Present 
American Gas and Electric 138-Kv 
System 


A description of the exemplification of 
all the ideas discussed heretofore in this 
paper in the form of the actual extra- 
high-voltage system planned to be built or 
being built is of natural interest. Some 
idea of the extent and scope of this system 
can be gathered from an examination and 


Figure 9. Power flow diagram on 6,000,000-kw 300-kv system 
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study of Figures 8 and 9. The latter of 
these 2, Figure 9, showing a study of a 
system load of 6,000,000 kw is of par- 
ticular interest. 

Of the extra-high-voltage links shown 
in Figure 9, the first authorized and under 
actual construction is the Sporn-Kana- 
wha section. The other parts will come 
along as system loads further develop and 
plans for concomitant transmission ad- 
ditions are completed. 

It is, of course, not to be supposed that 
present vision as to the future place and 
extent of growth is sufficiently clear to 
warrant a fixed transmission program 
being adopted. But, even with variations 
to be introduced due to unforeseen shifts 
in load density and capacity generation, 
the final plans adopted for construction 
can not differ materially in magnitude or 
essentials from those shown in Figure 9. 

That being so, Figure 9 can be used as a 
test of the over-all economic soundness of 
the transmission program developed. 
Thus, a calculation on the basis of present 
costs indicates estimated costs of addi- 
tional facilities called for in Figure 9 
against those to be in service December 
31, 1950, of $128,000,000. These in- 
creased transmission facilities will handle 


an additional 3,700,000 kw of capacity at 
a cost of $34.5 per kilowatt. In the final 
analysis, this is as rigid an economic test 
as is conceivable. The system here pro- 
posed seems to meet this test, to say the 
least, reasonably well. 
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Discussion 


M. H. Knight (United States Bureau of 
Reclamation, Denver, Colo.): It is noted 
that in the design of the 315-kv system, it is 
planned to make provision for the melting 
of sleet on the new high-voltage circuits, by 
means of 138-kv sources applied directly to 
315-kv lines, which will be short-circuited 
at the far ends of 60- to 75-mile sections. 
Over a line of such length, it is possible that 
sleet might be forming at a fast rate on, say, 
a 30-mile portion of such a section, with lit- 
tle or no sleet forming on the remaining por- 
tion of the line. If sleet has formed on one 
portion of the line to a radial thickness of 
about 1/2 inch before sleet-melting opera- 
tions begin, will it be possible to melt sucha 
coating of ice without overheating the con- 
ductors on the other portion of the line, 
which are not coated with sleet, to such an 
extent as to reduce their tensile strength? 
Are sleet-melting operations on the 138-kv 
lines generally started as soon as possible 
after sleet first begins to form, or after a 
coating of 1/4 inch or more of sleet has 
formed? 

In connection with the evaluation of 
energy losses, is the value of the lost energy 
taken as the cost to produce the energy, or 
the average rate per kilowatt-hour at which 
the lost energy could be sold? 

If the tower footing resistance of most of 
the towers is found to be about 20 ohms, is it 
proposed to lower such resistance as soon as 
feasible, or to wait until operating experi- 
ence indicates whether lower footing resist- 
ance is necessary? 
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It is noted that only one circuit of the 
double-circuit line is to be installed at the 
present time. Is it proposed to string the 
second circuit with the first circuit energized, 
and, if so, what precautions will be taken to 
reduce the hazard to construction personnel 
(during stringing operations)? 

Is it proposed to use special structures 
providing increased vertical and horizontal 
spacing of conductors for spans between 
1,700 and 3,000 feet in length? 

For the condition of galloping con- 
ductors were the clearance diagrams based 
on the movement of the conductors in one 
continuous loop, or in half-loops, between 
the points of support? 

With the basic tower height of 148 feet 
and with the line located in an area over 
which there probably is considerable air- 
plane traffic, is it proposed to install any 
lights at the top of the towers? 

The broken conductor assumptions used 
for the suspension, angle, and_ strain 
towers, including the number, location, and 
tension of the broken conductors at the time 
of the break, would be of interest. Was any 
reduction made in the tension in the intact 
span, under broken-conductor conditions 
due to the insulator string on suspension 
towers swinging into the intact span? If 
such a reduction was made, was the resulting 
tension assumed to be a static or a dynamic 
(impact) load on the cross-arms? 

The designers of this line appear to have 
taken a real step forward in the direction of 
reducing the cost of transmitting large 
blocks of power to load centers. 

This paper is exceptionally interesting and 
should be of value to designers of high-volt- 
age transmission systems. 


P. L. Bellaschi (Consulting Engineer, Port- 
land, Oreg.): The economic selection of 
higher transmission voltages is a funda- 
mental problem in current system planning, 
the magnitude and complexities of which are 
amply illustrated in the paper under discus- 
sion, which pertains to one of the large sys- 
tems—the American Gas and Electric 
system, an interconnected network pre- 
ponderantly steam-generating. 

Another extensive system is the Bonne- 
ville Power Administration system. This is 
one of the largest 230-kv networks. It com- 
prehends the Columbia River basin, some 
21% million kw of hydro generation, and a 
potential generation that can well attain 10 
million kw in the foreseeable future. During 
the past three years the writer has been 
engaged in studies directed to the develop- 
ment of this system. The problems asso- 
ciated in the selection of higher transmission 
voltages are many. Space will not permit 
but to touch upon certain ones of the major 
problems involved, and I shall confine my- 
self to a few, to illustrate the approach. 

In regard to type of conductor, these 
studies show that the standard aluminum 
cable steel-reinforced single-conductor line 
design is feasible up to 315 kv or 830 kv and 
possibly even as high as 345 kv. At these 
voltages conductor diameters in the order 
of 1.55 and 1.65 inch should be satisfactory. 
For still higher voltages (880 ky) the bundle 
conductor arrangement has advantages elec- 
trically, but it presents problems mechani- 
cally that need to be overcome. 

Conductor clearances to tower, spacings 
between conductors, and insulation of the 
line are some of the factors in the line de- 
sign. Inasmuch as switching overvoltages 
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are a consideration of prime importance in 
determining the electrical clearance require- 
ments at the tower structure, this is one of 
the factors that should be considered in the 
first place. Extensive experience and stud- 
ies on the Bonneville Power Administration 
230-ky system definitely point to the con- 
clusion that for a system of modern design 
operating with the neutral solidly grounded 
switching overvoltages to ground practically 
never attain 2.5 line-to-neutral crest voltage. 

Since the spacing from conductor to tower 
depends on the probability of simultaneous 
occurrence of maximum swing of insulator 
assembly and maximum switching over- 
voltage, a further consideration in the selec- 
tion of effective clearances rests upon a 
realistic evaluation of these two factors. 
For instance, in a survey of a 165-mile 
287 /302-ky line, the probability that maxi- 
mum swing and maximum voltage might 
occur simultaneously was found to be less 
than once per year for the entire line. The 
degree of risk of a probable sparkover to 
tower becomes even more acceptable 
through the application of fast reclosing 
circuit breakers. From these and similar 
studies we found that actual design could 
be based conservatively on a 35-degree 
swing and that the permissible minimum 
clearances from insulator assembly to tower 
in Table I of this discussion will provide 
withstand strength in addition to a 25 per 
cent margin allowance. 

As to the line insulation, the studies con- 
ducted show that 19 suspension insulators 
are adequate for 345 kv, 18 insulators for 
315 kv, and 16 for 287 kv. 

In regard to the transformer basic impulse 
levels, economic and practical advantages 
are found in proportioning the insulation to 
75 per cent of the insulation level. For in- 
stance, for a 307/322-kv system operating 
with neutral solidly grounded, a 1,050-kv 
basic impulse level for the transformer insu- 
lation is considered adequate from the stand- 
point of lightning impulse protection, 


switching surge overvoltage, and 60-cycle 
continuous operation. 

Line and station insulation based on these 
studies and compared with those in the 
paper are shown in Table II of this discus- 
sion. 

In conclusion, we may point out that there 
are essentially three steps in the develop- 
ment of a high-voltage system: (1) a study 
and investigation phase, (2) design, and (3) 
the experience stage. In planning the sys- 
tem additional effectiveness and economies 
may be gained by a flexibility of design that 
recognizes that certain specific possibilities 
can further materialize through actual ex- 
perience and operation of the system. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The American Gas 
and Electric Service Corporation and their 
associates are to be congratulated for the 
excellent papers they have presented, which 
give in detail the basis of the selection of a 
higher voltage and their basic system design 
philosophy. Probably the most outstanding 
feature is the selection of as high a voltage 
as is considered practical for use with 
double-circuit towers. This is contrasted 
with the European selection of 380 kv using 
single-circuit towers and double conductors 
per phase. One cannot help but be con- 
vinced that the selection by the American 
Gas and Electric Service Corporation is cor- 
rect for conditions prevailing in the United 
States, in view of the cost figures presented 
in a paper, ‘System Economics of Extra 
High Voltage Transmission,’’ by Messrs. 
H. P. St. Clair and E. L. Peterson.! On the 
basis of the latter paper it is quite evident 
that the double-circuit tower for their con- 
ditions provides transmission at the lowest 
cost per kilowatt mile. This conclusion, 
which undoubtedly was one of the most de- 
termining factors in the selection of the 
voltage, is substantiated by single-circuit 
and double-circuit cost comparisons at 


Table |. Electrical Clearances Required to Withstand Switching Overvoltages 
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Switching Voltage Design Clearances, 
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lower voltage levels, particularly when right- 
of-way costs are an appreciable factor. 

One of the many interesting results of 
these studies is the decrease in relative im- 
portance of line outages caused by lightning 
as compared with switching surges and nor- 
mal frequency overvoltages in determining 
the insulation levels. This certainly appears 
most reasonable, particularly for intercon- 
nected systems of large capacities, where the 
reclosing procedure can be applied effec- 
tively for removal of temporary faults. 
caused by lightning. It also is apparent that 
further increases in the operating voltage 
per disk of line insulation may be realized 
by giving additional attention to means of 
reducing the switching surge voltages. One 
of the most obvious and direct methods of 
accomplishing a further reduction is to use a 
circuit breaker which has a minimum ten- 
dency or no tendency to restrike. 

These papers give added emphasis to the 
trend of high-voltage transmission system 
design in the United States by 


1. The use of low-resistance conductors 


2. The use of reactive kilovolt-ampere capacity for 
increasing the transmission line loading 


3. Intermediate switching stations 


4. Stepping up the new generation directly to the 
high-voltage system 


5. Large capacity transformer ties to the lower 
voltage (138-kv system) 


6. Full use of lightning arresters 


7. Circuit with higher 
capacity 


breakers interrupting 


Use of a double-circuit tower line which 
may carry as much as 800,000 kw in a tower 
head may present problems of developing 
operating procedures in case of a double- 
circuit tower outage. However, there are 
methods which may be applicd to reduce the 
possibility of severe load interruptions when 
such an outage does occur. Also, for such a 
large interconnected system the loss of a 
fully loaded double-circuit tower line will 
become less important in the future as the 
system becomes more fully developed. 

In considering this contribution to system 
design broadly, it will be recognized as giv- 
ing a most excellent statement of modern 
American practice. At the same time this 
paper makes a significant contribution 
toward the use of double-circuit tower lines 
of high voltage and holds for the future the 
possibility of still further reductions in line 
insulation. 
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Philip Sporn, E. L. Peterson, I. W. Gross, 
and H. P. St. Clair: The authors are grate- 
ful for the discussions, both oral and written, 
which have been offered on this paper. 
These discussions have included a number 
of pertinent questions, which we shall at- 
tempt to answer. 

In answer to questions by Mr. M. H. 
Knight, it is entirely true that sleet formation 
may be restricted to only a small portion of 
a given line section and the sleet-melting 
current then must be carried through the 
entire line, including perhaps the major por- 
tion of the line where no sleet has formed. 
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However, under the ambient temperature 
conditions existing and with the currents 
required to melt sleet in a period of, say, 20 
minutes to one-half hour, we do not believe 
there is any danger of overheating on the 
conductors, certainly not to the extent of 
affecting their tensile strength. On our 
132-kv system the sleet-melting routine has 
been worked out completely in advance so 
that the operation begins as near immedi- 
ately as possible after the formation of any 
substantial amount of sleet has been estab- 
lished on any portion, even a few spans, of a 
given line. The method of detecting sleet 
formation by use of the carrier transmission 
channef was described in a paper by V. M. 
Marquis and G. G. Langdon. 

In all of our economic studies, both for 
I’R losses, as well as corona losses, the value 
of energy losses has been taken as the pro- 
duction cost and not the selling price of the 
energy. 

In regard to tower footing resistance it is 
not planned to carry out extensive or at 
least expensive measures for reducing the 
resistance in those cases where it is found to 
be above average low values. While the 
effect may be to increase slightly the fre- 
quency of flashovers, it is considered that the 
operating disadvantage of this increase in 
flashover frequency will be largely offset by 
high-speed reclosing. 

With regard to stringing a future circuit 
on the double-circuit line, we propose to 
string this circuit with the initial circuit 
energized. We have carried out such con- 
struction at 132 ky with entire safety on a 
number of lines in the past. We do not 
believe, therefore, that any special problem 
will be involved but may on certain spans 
drop ropes to the ground suspended from 
the ground wire, which is located at the 
center of the tower. 

On the line which we are constructing at 
present, the maximum span is 2,700 feet 
and we are using the standard outline of the 
tower as used on the normal spans. The 
tower, however, has been strengthened to 
take care of the larger mechanical loads. 

The clearance diagram for the conductors 
is predicated mainly on the required clear- 
ance to ground under the assumed side 
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Table Ill. Comparison of Line Conductor-to- 
Ground Clearances 
Rated 230* 
Line-to-Line Maxi- Mini- 315 
Ky 287* mum mum BPA AG&E 


Clearance line 
to ground, feet..9.0 ..9.0 ..4.3 ..5.5 ...7.75 
Line to ground 
Kv per foot..... 18.2. .14.8..31.0..33.3...23.5 


AVESARO soccer aerate 21.3 


* See reference 2 of this discussion. 


swing and clearance requirements. We feel 
that we do, however, have sufficient clear- 
ances to protect against galloping conduc- 
tors. Because of the severe conditions im- 
posed on the line by galloping conductors, 
we will attempt to avoid such movements 
by means of sleet melting. 

We do not propose to install any lights at 
the top of the towers. 

With regard to the broken conductor 
assumptions used on suspension and angle 
towers, we have figured one broken ground 
wire at full load or one broken conductor at 
60 per cent of the maximum assumed line 
tension. This load is assumed as a static 
load. 

Mr. P. L. Bellaschi in his studies has 
arrived at a clearance from conductor to 
tower of 5 feet 6 inches against 7 feet 9 
inches proposed on the American Gas and 
Electric 315/330-kv system. Our deter- 
mination of clearance was checked in two 
ways. First, the conductor-to-tower clear- 
ance was balanced against the insulator 
string flashover and, second, the switching 
surge voltage on the system in question was 
determined, and factors of safety for ‘‘with- 
stand”’ instead of ‘‘flashover”’ values and an 
over-all factor of safety of 15 per cent and 
an extra 12 inches for hot line maintenance 
requirements were added. The first method 
gave a clearance requirement of 7 feet 9 
inches, and the second method, 7 feet 10 
inches. 

It is interesting to compare ground-to- 
conductor clearances on existing high-volt- 
age lines with those proposed both by the 
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Bonneville Power Administration and ‘the 
American Gas and Electric Service Corpora- 
tion. These are shown in Table III of this 
discussion. , 

It will be noted that the Boulder 287-kv 
line has a clearance of 9 feet, while existing 
230-kv lines range from 9 feet to 4.3 feet. 
Also, the average kilovolts per foot of air 
on the 287- and 230-kv lines is 21.3 against 
23.5 for the American Gas and Electric 
system and 3.33 proposed by Mr. Bellaschi. 

In selecting conductor-to-ground clear- 
ance, other factors in spacing at the tower to 
prevent flashover must be kept in mind, for 
example, phase-to-phase separation of line 
conductors under wind and sleet conditions, 
and the all-important feature of line main- 
tenance under safe working conditions. 
These were all considered in arriving at our 
conductor clearance of 7 feet 9 inches at the 
towers. 

A basic impulse level (BIL) of 1,075 has 
been arrived at by Mr. Bellaschi as being 
sufficient for a 315/330-kv system, against 
1,125 BIL selected by the authors. As 
pointed out in the paper, a 1,050 BIL could 
be justified on the basis of lightning protec- 
tion alone, but this value was increased be- 
cause the 60-cycle required strength of the 
transformers automatically provides 1,125 
BIL. Asa matter of fact, our studies indi- 
cated that the basic impulse level could 
have been reduced another 10 per cent to 
approximately 950 if a 10 per cent 60-cycle 
voltage margin had not been used in select- 
ing the lightning arresters. It should be 
emphasized that in this high-voltage trans- 
mission range the required 60-cycle test of 
some apparatus may well determine the 
basic impulse level, and to attempt to push 
the basic impulse level too low may result 
in equipment not having the required 
strength to perform satisfactorily under 
long-time normal 60-cycle operation. 
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Corona Investigation on Extra-High- 
Voltage Lines—500-Kv Test Project of 
the American Gas and Electric Company 


C. F. WAGNER 
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N A group of papers!” presented before 
the Institute in 1947, the subject of 
extra-high-voltage transmission lines was 
discussed and the need pointed out for ad- 
ditional information on corona and radio- 
influence effects before such lines could be 
built on a sound engineering and economi- 
cal basis. One of these papers? outlines 
the field test research project which was 
being undertaken by the American Gas 
and Electric Company in co-operation 
with eight manufacturers of electric equip- 
ment to provide the much needed in- 
formation on corona, radio influence, and 
other features. 

The test site is located adjacent to the 
Tidd Power Plant. The project has been 
in operation for over three years and 
much valuable information has been ob- 
tained. It is the purpose of the present 
paper to present the high points and as 
much of the detail as possible of this in- 
vestigation. This paper will be confined 
almost wholly to the effects of corona, 
particularly on conductors. Companion 
papers®® cover the radio influence aspects 
and measurement technique and equip- 
ment in detail. 


General Description of Test 
Facilities and Methods of Test 


Although a general description of the 
testing equipment and facilities at the Tidd 
test site has been given previously,?~7 
a few of the high points of the facilities 
may be of interest here. 

Three full size test lines, two 1.4 miles 
and one 800-feet long, were constructed in 
the field and energized through a 5,000- 
kva bank of three single-phase trans- 
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formers. A test voltage range from about 
150 to 500 kv phase-to-phase can be ob- 
tained by transformer taps and by con- 
necting the low-voltage windings in either 
delta or Y. Provision was made for vary- 
ing the conductor spacing and ground wire 
height. The conductors‘ tested ranged in 
size up to 2.0-inch outside diameter and 
were of steel-reinforced aluminum cable, 
copper HH, and copper I-beam types. 
Two-conductor bundles also were tested. 

The towers are single circuit for flat 
configuration and liberally designed for 
flexibility in altering the test arrange- 
ments, and approximate the general di- 
mensions which might be used if a 500-kv 
line were to be built. 

The instrumentation includes super- 
sensitive indicating and recording watt- 
meters for measuring corona loss, and in- 
dicating and graphic instruments for de- 
termining radio-influence effects. Other 
instruments consist of a photographic 
weather recording device, a ground 
gradient meter and conventional instru- 
ments to record temperature, barometric 
pressure and so forth. Special test 
setups were made to determine insulator 
losses and to simulate conductor tempera- 
ture rise due to load current. 

Corona loss is obtained both on indi- 
cating instruments by so-called ‘manual 


Paper 51-12, recommended by the AIEE Trans- 
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tests’ and by graphic charts which are 
operated continuously. Manual tests 
are defined as those where observations 
are made on indicating instruments and 
recorded manually. For manual tests the 
voltage is varied over the range available 
in a relatively short time to obtain 
essentially constant weather conditions. 
For the graphic records the voltage is 
maintained constant for periods of several 
days. 

The test lines have been energized 
practically continuously for the past 
three years except at such times as data 
were being obtained on single lines instead 
of all three lines simultaneously, or when 
single-phase measurements were being 
taken. During this 3-year period, super- 
vising personnel have been in constant 
attendance at the station. It is worthy of 
note that during the entire test period no 
failure or defect of major equipment, or 
accident to operating personnel has 
occurred, although the test station was 
under eight feet of water during the 
spring flood of 1948. 

A fuller description of the test instru- 
ments, methods of use and measurements, 
together with method of analyzing field 
records is given in a companion paper.?® 
Unless otherwise stated here, all corona 
loss data were not corrected for air 
density. 

To supplement the field tests, a labora- 
tory setup, shown in Figure 1, was made at 
the Trafford Laboratory of the Westing- 
house Electric Corporation. A vertical 
insulated screen 20 by 40 feet, shown in 
the background, was hung from the ceil- 
ing, and the test conductor was suspended 
either vertically or horizontally about ten 
feet from the screen. A wattmeter of the 
same kind as those used at Tidd was em- 
ployed, and was connected between the 
screen and ground and to the primary 
winding of the test transformer used to 
supply the high voltage. By means of a 
phase-shifting device the phase position of 
the voltage was adjusted for each test to 
obtain essentially zero readings below the 
critical disruptive voltage. Correction 
was made for the stray loss of the circuit 
by obtaining the loss with the test con- 
ductor replaced by one having a diameter 
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of three inches. The ends of the test con- 
ductors were shielded with 2-inch grading 
rings 28 inches in diameter. Rain up to 
one inch per hour was simulated by means 
of the device shown in the upper part of 
the illustration, 


General Considerations 


The corona loss of a particular single (as 
contrasted with a bundle) conductor can 
be completely determined in terms of the 
“nominal gradient” at the surface for 
given weather and surface conditions. 
Nominal gradient as defined here is that 
gradient that would exist at the surface if 
there were no corona present and the 
conductor were a perfect cylinder, In 
practical configurations the charges on 
other conductors have a negligible effect 
upon the voltage gradient of the conductor 
under consideration, the gradient being 
determined almost entirely by the charge 
upon itself. The configuration does affect 
the charge upon the respective conduc- 
tors. For a given configuration and volt- 
age the charge and “nominal gradient” 
can be calculated by conventional means. 
For example, with a flat configuration the 
charge upon the center conductor is about 
5 per cent higher than the charges on the 
outer conductors. For this reason the 
gradient at the center conductor is corre- 
spondingly larger. The fundamental co- 
rona data in this paper is, therefore, 
plotted in terms of the ‘nominal gradient” 
as the parameter. Since ‘nominal 
gradient” is proportional to the charge on 
the conductor and the charge in turn is 


Figure 1. General view of test setup at Traf- 


ford Laboratory. For corona loss measure- 
ment, conductor under test is strung between 
grading shields 
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proportional to the charging current, 
many of the curves have an additional 
scale showing this quantity. In many re- 
spects this is a more fundamental quan- 
tity than “nominal gradient” as it can be 
observed directly. To convert from cur- 
rent to “nominal gradient” the following 
formula can be used 


4404 i 


Gn=4404 ! = 11.7 (1) 
r 1 


r 


sg 
where 


Gy,=nominal gradient in kilovolts per centi- 
meter 

q=charge in coulombs per mile 

i=charging current in amperes per mile at 
60 cycles 

y=radius of conductor in inches 

f=frequency in cycles per second 


The authors make no apologies for the 
conglomeration of units. ‘The English 
and metric units are interspersed because 
the critical value of G, is usually ex- 
pressed in kilovolts per centimeter, Peek! 
gives the crest value of the critical visual 
gradient as 40 kv per centimeter for con- 
ductors above one inch in diameter. 

To orient the loss curves with practical 
line configurations the abscissae are some- 
times plotted in terms of line-to-line 
voltage. Unless otherwise stated a 32- 
foot flat spacing is assumed, Since these 
scales cannot be exact for all curves they 
are marked ‘‘approximate.” 

For “bundle conductors’’ the presence 
of the other conductors comprising the 
bundle produces a nonuniform field 
around the periphery. For a 2-conductor 
bundle, Cahen" of France found that if a 
gradient equal to the mean of the maxi- 
mum and average gradients were used the 
characteristics of a single conductor 
(multiplying by 2, of course) could be 
used to predetermine the characteristics of 
the bundle. 

Unless the surface of a conductor is 
highly polished and the tests made under 
carefully controlled conditions consider- 
able variation results in the values of 
corona loss measurements. For practical 
transmission lines these conditions do not 
prevail and it is essential that the loss be 
obtained on conductors as they are used 
in the field. Among the factors contribut- 
ing to this variance and which were in- 
vestigated are the following: 


1, Normal variations in 


weather—fair, 
rain, fog, snow, and sleet. 


Table Il. Annual Precipitation in Inches 
(Average of 40-50 Years) 


EEE 


Amarillo, LOX. ss s0-0:0/0'0d)s1+ ane 21 
Atlanta, Ga. .os:05 09-4 oe Cone 48 
Boston, Mas8is 0:00:05 00 01d aD 40 
Chicago, Wee ciicdseca ssc’ 0010 ae 32 
Denver, Colous.s cic. s0o.51*\> ha eens 14 
Jacksonville, Fla... c<«is0:r see are) 
Los Angeles, Calif. i... 6s.:s.5 «samen 15 
Minneapolis, Minn.,.......+-+++++. 27 
New, Orleans, Lai... .+ 0:0 «ceemenenere 60.3 ,, 
New. York, Ni Wisse» ons: 0sdeveteneenreme 43 
Pittsburgh, Pa. << 6+. «cere 0 tee 36 
Portland, OFeg.s.s. 054.0 5 oe or Re 41 
Salt Lake City, Utali...s.. vs sere 13 
San Antonio, Tex, 5.0'.0\ 0:0: «sa eee 27 
San Francisco, Calif........+.+s0eme 22 
Washington; D.C... 0.2.0 :07. see 41 


DEENSSCOHNANSCHHE BO 


2. Long time surface aging of the conduc- 
tors. 

8. Short time surface effects as the result of 
changes in the applied voltage. 

4, Heating of conductors by load current. 


5. Electrostatic ground gradient. 


Definitions 


“Fair weather’ as defined in this paper is 
a condition of no visual abnormalities such 
as rain, fog, snow, sleet, or smoke in the 
vicinity of the conductor. “Foul weather’’ 
refers to all other conditions, Since rain 
plays such an important role in corona 
phenomena, to co-ordinate the data taken 
at Tidd with conditions elsewhere in the 
country the data is presented in such form 
that it can be converted to other weather 
conditions by means of information avail- 
able from the United States Weather 
Bureau. The Weather Bureau records 
provide no means for differentiation be- 
tween ‘fair’ and “foul” weather except 
on the basis of precipitation. The graphic 
record data was, therefore, divided into 
“precipitation” and “apparent fair 
weather’ periods, the former being de- 
fined as such times during which an indi- 
cation of precipitation occurs on the rain 
gauge at Tidd. “Apparent fair weather’ 
is then, conversely, those periods in which 
no indications of precipitation appear on 
the rain gauge. The more sensitive pho- 
tographic recorder shows that there are 
times during which the precipitation is so 
light that it does not indicate on the rain 
gauge. The photographic recorder also 
indicates periods of fog and periods of 
moisture condensation on the conductors 
that would not be recorded as precipita- 


Figure 2 (A to F will be found on three suc- 

ceeding pages). Corona loss on field test lines 

for six different conductors. Measurements 

made visually (manually), Unlabeled curves 

are fair weather data. A\ll curves corrected to 
an air density factor=1.0 


AIEEE TRANSACTIONS 


ONIOWdS 1V14 L005 ZE HOS AM NI BOVLIOA JNIT OL 3NIT SLVWIXOUddv 


ONIOVSS 1Y14 L004 ZE YOd AM NI JOYLIOA JNIT OL 3NIT SLVWIXOUddY 
00v Ose o00¢ olr4 


ose 00¢ os2 002 


77 


U 09-37IW Yad SdWW NI LN3YYND ONIDHYVHO  09-37IN ¥3d SdNYV NI LNSYYND ONIDYVHO 


Pa 
WO Yad *M¥Ay NI‘ INZYYND ONIDNVHO WOYS O3NINN3130 SV LNZIGVYD JOV4YNS TWNINON 
91 cA) Ol 


MONS ONISV3Y¥930 


NIVY LH9IT ONISV3Y930 


| 


Nive LHOIT 


i 
ell 


_ 


STIW Yad 3SVHd Y3d SLLVMOTIN NI SSO71 VNOYOD 


SW Y3d 3SVHd Y3d SLLVMOTIN NI SSOT YNOYOD 


Gross, Wagner, Naef, Tremaine—Corona Investigation 


904 ‘MONS WNIG3W 


| | uSOV GSGNVdX3 HON! OO 
Mewes 


1951, VoLumE 70 


: a 


ONIOVdS 1LV14 1004 2E YOI AX NI JOVLIOA 3NIT OL 3NIT SLVWIXOUddY 


ONIDVdS 1¥14 1003 2E HOF AW NI 3OVIIOA 3NIT O1 3NIT SLYWIXONddV oor 
© 09-371IN Y3d SDNY NI LN3YYND ONISYVHO 


| 09-3 7TIW Y3d SdWY NI LN3YYND ONISYVHOD 
: ey 


13M GNOOD 
903 AAV3H 


t/ 


ae 


3UW 3d 3SVHd Y3d SLLVMOTIN NI SSO7 VNOYOO 


JW 83d 3SVHd 3d SLLIVMOTIM NI SSO7 VNOHOD 


AIEE TRANSACTIONS 


tion 


124, 


Tremaine—Corona Invest 


Gross, Wagner, Naef, 


ONIOVdS 1V14 1004 Ze YOS ANNI 3OVIIOA 3NI7 OL 3NIT SLVWIXOUddY 
OO ose ooe ocd 


™ 09-J1IW Y3d SdWV NI LN3YYND ONISNVHO 
et ol 8 


9) bl 


JTIW Y3d 3SWHd Y3d SLLYMOTI NI SSO7 WNONOO 


> ape eas 


WV3E-I YaddOd ,02/,260 


ONIOVdS LV14 1003 ZE YOS AM NI SOVLIOA 3NI1 OL 3NID SLY WIXONddY 


ey 


00s ost 00% ose ooe ose 
1 4 4 1 
™ 09-J71IW 43d SdWV NI LNSYYND ONISYVHO 
1 91 1 ral o1 s cy ¢ 
————————————— 1 n 1 1 1 1 
WO Yad S*#ay Ni ‘LNSYYNO ONIONVHO WONS G3NINYSL30 SV LN3IGVYD 3OVINNS IVNINON 
ve ra re 8 9) bl él ol 8 9 
92 Gg oz i 
| 
| ’ 
| : 
| : 
Aa | 
|e ; 
je : 0z0" 
\| | ' 
t 4 im | 0v0" 
| ! 
: : lo90" S 
‘3 
] [ 7 f | 080° = 
oo! a 
S 
i o 
i o 
| 8 
| frfl 
HH i 
fs : 002" 8 
| 
2 
be 8 = 
3 S 
| = S 
| | 5 | 
. : 00r 3 
| / o CN) 
| | if Zz S 
4 x 
7 : loos = 8 
i = Ss 
| i = AY 
i 5 
; oos' + nN 
A a lo] 
A J 1 2 x 
PPh ii : 2 oS 
x 8 
oS 
: m 
f : 2 
7 ie ame 
947 FA = Ss 
Ay li Y 
fT || i = 
= i | od oS 
: TiN / | 2 
{| I x 
: { 9 D 
iyi | 
If 
+ { 8 
is I 
k ol 
H 
i fi ! 
|| 
i 
f 1 | 
02 
j=) 
J d?2 = 
4 5 
Ob 5 
Mf 2 
LY Ih 
= ; 09 SS 


Sars WV39-I Yadd09 HON! S9 


1951, 


tion periods. All of these just mentioned 
factors contribute to increased corona 
loss. It would be expected, then, that the 
loss during the ‘‘apparent fair weather” 
period from the graphic charts would be 
higher than the loss during fair-weather 
tests obtained by manual observations; 
and the field tests confirm this. 


Fair-Weather Loss 


FIELD TESTS 


Figures 2 (A) to (F) represent the 
corona loss as a function of voltage for 
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short-time tests on the principal conduc- 
tors tested during the investigation at 
Tidd. In each case the conductor was 
voltage seasoned just prior to testing in 
accordance with the technique described 
in a companion paper.’ Those curves not 
specifically marked otherwise were made 
under fair-weather conditions. Some of 
these curves represent single-phase and 
others 3-phase tests. In the latter case it 
was found that the curves for the three 
individual phases superposed so closely 
that in general only one curve for each 
8-phase test was plotted. All of these 
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curves were corrected to standard atmos- 
pheric conditions, by dividing the’ test 
currents or voltages by the air density 
factor raised to the 2/3 power. 

In spite of the seasoning proccss and the 
correction to standard conditions, great 
variation in day-to-day results still re- 
mains. Other investigators have obtained 
similar results. An attempt was made 
to determine the cause of these varia- 
tions without very definite conclusions. 
Some of the explanations considered are: 


1. Dust or foreign particles adhering to the 
surface. The number and size of such 
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Figure 3 (A to F). Corona loss variation for different conductors—fair and foul weather. (Summary of data from Figures 2 and 4.) Manual data 


M=manual data 
R=recorded data 
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P=precipitation 
BW =foul weather 


reduced to unity air density 


FW = fair weather 
AW =all weather 


AF = apparent average fair weather 
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particles might vary with the adhesive 
character of the surface film and with the 
electrostatic forces present when the con- 
ductor is energized. 

2. Changes in the surface condition oc- 
casioned by chemical action of the atmos- 
phere. 

8. Changes in moisture content of the sur- 
face film. 


In plotting the points the measured, 
rather than the calculated charging cur- 
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rent per mile in the respective phases, was 
used. The nominal surface voltage 
gradient was then computed by equation 
1. The measured values of charging cur- 
rent do not agree with values calculated 
for particular configurations. The meas- 
ured values while in the proper propor- 
tions in the respective phases are about 5 
per cent higher. The increased charging 
current of the line due to the presence of 
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ally not included. A current proportional 
to the applied voltage was used for 
plotting. 

It can be shown that the charge on the 
outside conductors of a 3-conductor flat 
configuration is closely the same as the 
charge on a system of three conductors in 
triangular configuration remote from 
earth and having a phase spacing of ~/2 
times the flat spacing (the equivalent 
spacing). The center conductor will have 
a charge 5 per cent higher. These rela- 
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tions together with the 5 per cent dif- 
ference between calculated and measured 
charging current were used to compute 
the 3-phase voltage scales. 

The large number of curves and the 
irregularity in Figure 2 makes compari- 
sons between conductors difficult. Figure 
3 has, therefore, been prepared. The 
cross-hatched areas bounded by the full 
lines represent the zones in which the fair- 
weather curves fall. The abscissa on each 
curve is arranged so that the loss can be 
determined for any phase spacing. The 
other information on these curves is re- 
plotted from data that will be discussed 
subsequently. 
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As mentioned previously, loss data also 
were obtained with continuously recording 
charts. From indications on the rain 
gauge these records were divided into 
“apparent fair weather” and “‘precipita- 
tion” periods. With the lines operating 
at any given voltage, the loss for the 
“apparent fair weather’ periods were 
averaged arithmetically. The results for 
these averages for different voltages and 
different conductors are plotted in Figure 
4 (A). The test period for any given con- 
ductor and voltage varied between three 
and ten months. Comparing these curves 
which have been replotted in Figure 3 
with the fair weather curves of Figure 3 it 


Figure 7 (left). Corona loss 
on dry 2-conductor bundles 
of 0.92-inch copper I-beam 
conductors at Trafford Lab- 
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Figure 8 (right). Corona 


loss on dry 2-conductor 
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CONDUCTOR TO GROUND PLANE VOLTAGE IN KV 


will be observed that the losses are 
greater. This results from the definitions 
of ‘“‘fair’’ and “‘apparent fair’’ weather, the 
loss for the latter condition including loss 
during periods of fog, condensation of 
moisture on the conductors, and rain so 
light that it cannot be recorded on the 
rain gauge. As explained in a companion 


paper,’ the manually observed values are © 


further reduced by the test procedure, 
which was found necessary in order to ob- 
tain consistent results. This procedure 
enables accurate comparison between 
conductors, but caution should be exer- 
cized in applying these data to practical 
transmission lines. 

Figure 5 shows the results of single- 
phase tests made at Tidd to determine the 
effect of subconductor separation of 
bundle conductors. These were made 
under fair-weather conditions. Each 
curve was made during about three or 
four hours so that weather conditions were 
as constant as possible for that curve. 
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Figure 9. Corona loss of a 
single 1.65-inch expanded 
steel reinforced aluminum cable 
taken at Trafford Laboratory as 
a function of voltage for dif- 
ferent rates of continuous pre- 
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Figure 10 (A to D below). 
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within the parentheses is the 
amperes per mile at 60 cycles. 
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All data were taken on the same day. As 
can be seen the results are not too con- 
clusive. This point is discussed later in 
connection with the laboratory tests. 


LABORATORY TESTS 


The laboratory tests on single conduc- 
tors for dry conditions are shown in Figure 
6(A). The surfaces of the conductors 
were not specially treated by polishing or 
aging prior to testing but before taking a 
set of readings the conductor was seasoned 
for 20 minutes at 350 kv from conductor 
to ground plane. Two groups of tests 
were made at different times. While the 
various conductors retain, in general, the 
same position relative to each other in 
these two tests it will be observed that 
they are displaced horizontally with re- 
spect to the curves obtained at Tidd under 
fair-weather conditions. This result was 


‘not entirely unexpected. The laboratory 


tests were undertaken primarily to deter- 
mine the effect of conductor radius upon 
the critical disruptive voltage and to sup- 
plement the field data. Therefore, it was 
necessary to remove any obvious imper- 
fections in order to obtain consistent re- 
sults. The laboratory test conductors 
were thus in better condition than those 
tested in the field. On the other hand the 
laboratory conductors had not been aged 
in service. In addition, a short length of 
cable such as used in the laboratory would 
not encompass as much variation in sur- 
face conditions as the longer lines at the 
test site. It would be quite fortuitous if 
the particular sample tested in the labora- 
tory would correspond to the worst equal 
length of transmission line. For these 
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1 Broken line curves are replotted 
from Figure 13 
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reasons one would expect the laboratory 
curves to have a higher threshold corona 
voltage, which corresponds to the facts. 


Bundle Conductors 


Considerable interest has been ex- 
hibited by foreign countries in bundle- 
conductors, France!! and Sweden}? in a 
bundle of two and Germany?’ in a bundle 
of four. The tests at Tidd and at the 
Trafford Laboratory have to date covered 
only the 2-conductor bundle. The discus- 
sions will, therefore, be limited to this 
type. 

The manner in which bundle conduc- 
tors reduce corona can be visualized by 
considering two cylindrical conductors at 
equal distances above ground with unit 
charge on each. If the conductors are 
first separated by a great distance the 
voltage of each will be proportional to 
their individual capacitances to ground. 
Now if they be made to approach each 
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Figure 11 (left). Corona loss after 
stoppage of rain. Initial rain 0.75 
inch per hour. Rain stopped at 
zero. time. Single 1.65-inch 
expanded steel-reinforced alu- 
minum cable, 203 kvy-to-ground 
plane. The steady-state dry loss 
from a previous test at the same 
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other two effects occur. First, as they 
approach each other close enough their 
potentials increase, keeping of course 
their charges and, consequently their 
“nominal” surface voltage gradients, the 
same. Thus the voltage increases without 
any corresponding increase in gradient or 
corona loss. As the conductors approach 


Figure 12 (right). 
tribution compiled from data sup- 
plied by Weather Bureau for Pitts- 
burgh, Pa., airport from December 
= 1948 to September 1949, includ- 


voltage was zero 


Rainfall dis- 
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still closer, however, a second effect oc- 
curs. The field gradient of the other con- 
ductor and the distortion effect of the 
conductor itself in this field add together 
to modify the voltage gradient at the 
surface of the conductor, keeping the 
average value the same. 

Figure 7 shows a number of voltage 


-03 .O5 
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runs made at the Trafford Laboratory on 
a double conductor having different sub- 
conductor spacings. For comparison 
with other curves the auxiliary scales 
have been added to convert to a typical 3- 
phase configuration. For this conversion 
it was assumed as with single conductors 
that the center phase had 5 per cent larger 
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Figure 13 (A to D). Effect of rainfall for very short periods for the field 
test lines at different voltages. Both the loss and precipitation were 
averaged over very short periods (approximating instantaneous values). 
Graphic record data. The numbers on the curves are line-to-line voltages 
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INCHES OF RAIN PER MINUTE 
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Figure 14(A toD). Effect of rainfall during precipitation periods on the 


field test lines for different voltages. 
were averaged over storm periods only. Graphic record data. Small 
symbols are one month averages. Large circles are from one to nine 


Both the loss and precipitation 


month averages 
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Figure 15 (A to D). Effect of rainfall for all 
weather on the field test lines for different volt- 
ages, Both the loss and precipitation were 
averaged over periods of several months in- 
cluding both precipitation and fair-weather 
periods. The numbers on the curves are line- 
to-line voltages for 32-foot flat spacing 
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charge than the outside conductors. The 
effect of subconductor separation is more 
clearly demonstrated in Figure 8. With 
Figure 8 in mind, a similar pattern can 
be discerned in the field tests of Figure 5, 
which pattern was obscured by minor 
variations in weather. 


Foul-Weather Conditions 


Before discussing the effects of foul 
weather it might be well to consider its 
importance and the means available for 
gauging and interpreting its magnitude in 
terms of conditions applying to practical 
systems. Corona losses under foul 
weather are so much greater than the fair 
weather values that recognition of them 
must be given in capitalizing the losses of 
transmission lines. Some form of average, 
taking all types of weather into considera- 
tion must be used to this end. Peak 
values also might be of importance in very 
special cases in determining whether extra 
generating capacity might be required to 
carry the additional load during storm 
conditions. 

Foul weather encompasses all adverse 
weather conditions, such as, rain, fog, 
snow, sleet, and so forth. Of these the 
major contribution to foul weather loss 
occurs during rain. Furthermore, the 
records of foul weather available from the 
United States Weather Bureau are most 
complete for rain and contain a factor to 
include snow and sleet in terms of 
equivalent rain. Thus, rain appears to be 
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the best single parameter to characterize 
the additional losses during foul weather. 

Monthly bulletins which tabulate 
hourly precipitation are distributed by 
United States Weather Bureau stations 
throughout the country. In addition, 
some data also are tabulated concerning 
excessive precipitation for the maximum 
5, 10, 15 and so forth, minute periods. 
For the day during which the record was 
established for the 1-2- and 24-hour 
periods at the Pittsburgh Airport the pre- 
cipitations are given in Table I. It is in- 
teresting to note by way of comparison 
that the rate of precipitation for the 
standard wet test of insulators is 0.2 inch 
per minute or 12 inches per hour. 

Figure 12, prepared from Weather 
Bureau data, helps to orient one with re- 
gard to the annual distribution of rain for 
l-hour periods. Naturally the rain is not 
necessarily constant during these periods. 
It is difficult to determine the exact man- 
ner in which Figure 12 would be altered if 
the ordinate were changed from hourly 
precipitation to instantaneous precipita- 
tion expressed in inches per hour. The 
area under the curve would remain the 
same and certainly the high rates of pre- 
cipitation would be increased. 

The Weather Bureau also publishes 
data giving the total rainfall per year. In 
Table II are tabulated a few representa- 
tive values for different parts of the 
country. With the foregoing data avail- 
able it would be highly desirable if the 
corona loss could be interpreted in terms 
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Figure 16 (A to E). Effect of weathering over long times. The numbers on the curves are 
line-to-line voltages for 3-phase tests, and line-to-ground voltages for single-phase tests 
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of this weather information so that the loss 
in any part of the country could be pre- 
dicted. 


Foul-Weather Loss 


LABORATORY DATA 


Field tests under foul weather condi- 
tions, such as, rain, snow, sleet, and fog 
offer innumerable difficulties, largely be- 
cause the conditions do not remain con- 
stant. It was to obviate these limitations 
that laboratory tests were made. Arti- 
ficial rain can be obtained in the labora- 
tory at controlled rates. Because the 
ordinary rates of precipitation occurring in 
nature are so low in comparison with the 
standard insulator test rate, the conven- 
tional equipment could not be used and it 
was necessary to develop the special setup — 
for producing rain mentioned previously. 
Figure 9 is typical of the tests and presents 
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Figure 17 (below). Recorded average corona loss versus time in all- 
weather and precipitation periods at 383 kv line-to-line—32-foot flat 
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voltage runs ona new 1.65-inch steel- 
reinforced aluminum cable under both 
dry conditions and different intensities of 
constant rain. It will be noted that even 
a low rate of precipitation reduces 
greatly the threshold voltage of corona 
and causes tremendous increases in loss at 
the lower voltages. As appears to be 
typical, at the higher voltages, the dry 
and wet curves approach each other. 

To illustrate the relative characteristics 
of conductors under wet conditions, Fig- 
ure 6 (B) has been plotted for one inch of 
rain per hour. At the higher voltages it is 
interesting to note that diameter becomes 
of lesser importance. 

Figure 10 shows the loss for a number of 
conductors at different voltages as a func- 
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tion of the intensity of rainfall. The data 
for these curves were obtained by setting 
the rain device for a given rate and then 
varying the voltage. The dry values of 
loss are plotted as zero rain fall. Again it 
will be observed that the range between 
dry and rain conditions is dependent upon 
the voltage. A characteristic of these 
curves is that above about 0.2 inch per 
hour a definite flattening occurs. Tests 
were made with tap water having a resis- 
tivity of 1,010 ohms per inch.’ With 
distilled water (resistivity—38,800) only 
a minor difference in results was apparent. 

To throw some light on the nature of 
the phenomena that occurs during rain 
conditions, a 1.65-inch new steel-rein- 
forced aluminum cable was energized and 


the loss recorded just before the rain was 
stopped, and as a function of time there- 
after. The result is shown in Figure 11. 
It can be seen that the loss decreased 
suddenly from 40 kw per mile to 30 kw per 
mile and thereafter gradually along a 
somewhat exponential curve to its final 
value. The sudden drop might be due to 
absence of drops of water falling near the 
surface but not striking it. These drops 
of water produce points of ionization and 
loss either because of their already small 
radius or because of the formation of 
small radii by distortion. Another possi- 
ble explanation of the sudden change is 
the cessation of splashing of the drops as 
they hit the surface. Perhaps during 
rain some of the loss can be attributed to 
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Figure 18. Recorded peak corona loss versus 
time at 383 ky line-to-line=32-foot flat spacing 


the electrostatic repellent action — of 
charged droplets leaving the conductor, 
The slow change is probably due to the 
evaporation of water from the surface, 


Vinny DATA 


Atmospheric conditions tlietuate so 
greatly during foul weather that it is dif 
fieult to obtain a voltage rin whieh will 
plot as a smooth curve, A large number 
of such tests were, however, made under 
a variety of conditions and are plotted in 
Vigure 2. Mach curve is marked in ae 
cordance with the prevailing weather, A 
large number of such tests are necessary 
(o establish a relation between fair and 
foul characteristics, The general bands 
covered by foul weather conditions are 
plotted in Tigure & for the 2-ineh ex. 
panded sleelreinforeed aluminunt cable 
and the 1,65-ineh HE conductors, 

‘To illustrate the probable upper limit of 
corona loss under adverse conditions the 
curves marked Max-BW-R"” have been 
plotted on Tipure 3. These are instan 
taneous values which are the maxim 
vialties of the losses as recorded on the 
graphie charts for the entire period coy 
ered by these tests, Tt must be borne in 
mind, however, that these figures apply 
only to a line 14 miles long, Rain 
storing of the intensity that give rise to 
these peak values are limited in area and 
would not cover an entire transmission 
line at one time, 

During rain storms both the jagtan 
taneous rate of precipitation and corona 
loss vary over such wide limits that it 
is dificult to establish a relation between 


SS 


Figure 19, Comparison of loss in the heated and unheated conductor for two different voltages” 
Record from 5:00 a.m, July 5, 1950 to 11:00 a.m, July 6, — 
1950, Aged 2,00-inch steel-reinforced aluminum cable, single-phase tests, Approximate 
temperature rise 10 degrees Fahrenheit for 216 kv and 15 degrees Fahrenheit for 245-ky line-to- 
ground voltage 


and pertinent weather information, 
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‘them. To study this relation periods 
from one to five minutes were chosen on 
the graphic charts in which the rain and 
‘loss were essentially constant. These 
|data were then plotted in terms of loss per 
_3-phase mile as a function of intensity of 
rainfall as shown in Figure 13. For com- 
parison with the laboratory data some of 
these are replotted in Figure 10, conver- 
‘sion being made on the basis of equal 


nominal gradient and expressed in charg- 


jing current per mile. 


The laboratory 


|curves show a tendency to saturate at 


lower rates of rainfall. This might be due 
to differences in aging characteristics or 
possibly to the effect of electrostatic 
ground gradient in the field tests. 
_ To compare the conductors over longer 
periods, the storm periods were chosen 
| from the charts and the average loss for 
these periods determined without regard 
to the intensity of the rain. The periods 
were selected in accordance with the 


_ definition of ‘‘precipitation”’ period. The 


results of this averaging cover precipita- 
tion periods for the entire period of the 
tests and are plotted in Figure 4 (B). In 


_ spite of the long time covered by the tests 
these curves are not strictly comparative 


_as they do not always cover simultaneous 


periods. 

A more detailed analysis was made dur- 
ing storm periods. The term “hours of 
precipitation” is used in the sense defined 
in the companion paper.® The results of 
this analysis are plotted in Figure 14. As 
was to be expected the average loss in- 


_ CORONA LOSS IN KW PER SINGLE-PHASE MILE 


2 te} 2 4 6 
GROUND GRADIENT IN KV PER METER 


Figure 20. Relation between electrostatic 
ground gradient and corona loss from simul- 


_ taneous graphic records. 2.00-inch steel- 


reinforced aluminum cable, single-phase, 245- 
ky-to-ground, fair weather, two ground wires 
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creases with the intensity of rain, but a 
degree of saturation is soon attained. 
This is in line with the results shown in 
Figures 10 and 13. 

Figures 17 (A) and (B) are typical ex- 
amples of the average corona loss over a 
period of seven to eight months on four 
conductors. Monthly peak losses re- 
corded during the same period are shown 
on Figure 18. Though the test voltage 
was varied every few days, periods at the 
same voltage recurred at short intervals 
during a month. It is therefore believed 
that the average loss, Figures 17 (A) and 
(B), from these periods is a fair approxi- 
mation of the average loss for a full 
month. 


The sharp rise of the average all- 
weather loss in May, when recorded pre- 
cipitation was at its lowest, calls for an 
explanation. During that month the sta- 
tion weather log at 6:00 a.m. lists me- 
dium-to-heavy fog on seven days, and 
misty rain on one day, no traces having 
been left on the rain gauge. For the 
month of April light fog was indicated on 
only two days. During fog, moisture 
condenses on the conductors, particularly 
at night when the conductors are cold. 
The losses caused thereby are of equal 
magnitude, and sometimes greater than 
those caused by precipitation. The 
greater number of foggy days during May 
therefore explains the higher all-weather 
losses during that month. 


Of most significance is the effect of rain 
and all weather upon the average loss for 
the year. The curves in Figure 4 (C) are 
the averages over very long periods and 
include fair weather, rain, fog, snow, and 
sleet, in other words, all weather condi- 
tions experienced during the year. These 
values apply, of course, for the particular 
location in which they were obtained, 
Brilliant, Ohio. They might be different 
for other locations where the proportion 
of foul weather is different. In an effort 
to convert the data to a more useful form 
so that they can be more universally 
applied, the results were expressed in 
terms of inches of rain per year—a 
value that can be obtained for practically 
any location in the country. These re- 
sults are plotted in Figure 15 for the four 
conductors tested that would most likely 
find application on systems of very high 
voltage. These curves were obtained by 
choosing operating periods varying in 
duration from two to ten days and 
averaging both the loss and the precipita- 
tion for each period. Extremes of adverse 
weather were avoided intentionally with 
the purpose of attaining a precipitation 
distribution that approximated actual 
annual distributions. For each curve two 
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values are plotted for zero rainfall; the 
lower one (which might be zero) being the 
mean fair weather loss from Figure 3 and 
the upper one being the apparent fair 
weather loss from Figure 4 (A). The 
actual curve in each was drawn to an 
ordinate approximately midway between 
these values on the basis that the appar- 
ent fair weather period involves some pre- 
cipitation and the fair weather values? are 
too low to be representative of the loss 
for sustained energization at constant 
voltage. 

The data of Figure 15 is one of the im- 
portant end products of this investiga- 
tion. The authors believe that data in 
this form is the most practical in which to 
apply the information. By reference to 
the annual rainfall for the territory 
through which the line will be run, 
average annual corona loss can be pre- 
dicted easily. 


Loss Versus Weathering 


Energized conductors undergo both a 
short and along time aging. The former 
phenomenon is discussed in a companion 
paper® because it is vitally concerned with 
testing technique and is not important in 
the application of the conductor. The 
latter phenomenon is discussed here as it 
has an important bearing on the corona 
characteristics. Figure 16 shows the loss 
of five conductors as a function of time as 
observed from voltage runs from time to 
time. It will be observed that in all cases 
the loss starts at a particular value and 
decreases gradually with time requiring 
some six months or more to eventually 
stabilize. These curves are similar to the 
curves presented in the Sporn and Mon- 
teith'4 paper except that they have been 
corrected to unit air density factor which 
makes the aging pattern somewhat more 
apparent. The curves above 500 kv 
might not be representative of true aging 
because the lines were not energized con- 
tinuously at this voltage. Upon the 
limited evidence available, copper appears 
to possess greater aging characteristics 
than aluminum. 


Heating of Conductor 


Continuous corona tests on short titi: 
loaded lines exposed to the weather differ 
in one respect which might have an im- 
portant bearing on the results. Since 
only a very small current flows in the line, 
the rise in temperature above ambient is 
negligible. On a line in service the load 
current is usually sufficiently high so that 
the /?R loss produces a temperature rise of 
5 to 20 centigrade degrees above ambient. 
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Any object, particularly a good radiator, 
in the absence of radiation from the sun 
will acquire a temperature below ambient 
and will therefore condense moisture dur- 
ing periods of high humidity. Thus, 
condengation is more likely to oceur in the 
case of the test conductor than on an 
actual line in service. To test this hy- 
pothesis a scheme was devised to raise the 
temperature of one conductor above am- 
bient and compare its loss with that of a 
similar unheated conductor. One phase 
of the single-span line had been strung 
with a 2,.00-inch steel-reinforced alumi- 
num cable. The construction of this cable 
is such that the layers of aluminum are 
insulated from the steel core. At dead 
ends and connections, however, they are 
in electrical contact because of the nature 
of the connector that is normally used, 
For this test the far end wag permitted to 
remain in contact, but at the near end the 
outer layers of aluminum were opened go 
that current could circulate down the 
aluminum and return in the steel core. 
‘The conductor current was approximately 
125 amperes at 245 kv, gufficient to raise 
the conductor temperature about % centi 
grade degrees above ambient. A gimi- 
lar but unheated conductor on one of the 
long lines served ag the reference conduc 
tor. 


Higure 19 i¢ 4 portion of the charts from 
simultaneous observations from about 5 
am, July 5, 1950 to 11 a.m, the next day. 
Time proceeds from right to left, The 
upper chart gives the logs for the heated 
conductor and the middle chart for the 
unheated conductor, The lower chart 
gives the corresponding ambient tempera 
tures obtained from the graphic chart and 
the dotted line is the dew point caleulated 
from similar charts that gave the hu 
midity, Other comments concerning the 
weather also are given, 


Now examining the charts, it will be 
noted that a fog period oceurred between 
7:00 and #:00 aim, on July 6, The un- 
heated conductor recorded an appreciable 
loss which was not present on the heated 
conductor. Tog was again recorded from 
9:00 pam, July 6 to $140 aan, July 6 and 
again the unheated conductor recorded 
high loss which was not recorded on the 
heated conductor, On the other hand 
during three rain periods similar losses 
were produced on both the heated and 
unheated conductors, ‘The explanation ig 
quite obvious, Condensation of moisture 
occurred in the unheated conductor dur. 
ing fox periods which was prevented by 
the higher temperature of the heated 
conductor, ‘This offers a partial explana- 
tion of why the “apparent fair weather” 
loss is higher than the “fair weather’ logs, 
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Sufficient data concerning this effect has 
not been obtained to date to justify posi- 
tive conclusions, but it appears to be 
significant. No correction is made for 
this effect in Figure 4 and Figure 15. 


Ground Gradient 


It was suggested in one of the earlier 
papers’ describing the Tidd test project, 
that electrostatic ground gradient due to 
charges in clouds might affect the corona 
loss as a result of the induced charge in 
the conductors. To test this hypothesis a 
special ground gradient instrument’ was 
designed and built, which could record 
continuously the variation in ground 
gradient on a chart. The sensitivity is 
such that it can be set to measure at full 
scale, gradients of 60 to 60,000 volts per 
meter, This is well within the sensitivity 
requirement to test the validity of the 
hypothesis. 

One conductor in each of the lines 2 and 
3” was energized single phase and the 
corona loss compared with the ground 
gradient measurements. Extreme care 
was exercised to mitigate the effect of 
extraneous factors by not using data taken 
during the following periods: 


1. Precipitation 
2, Fog 
3, p.m, to a.m, 


4, Within 24 hours following a voltage 
change, 


In Figure 20 the corona loss is plotted 
against simultaneously recorded values of 
gradient, Ags can be seen the result is a 
shot gun pattern without any apparent 
trend, The presence of the ground wires 
provides some shielding but calculations 
indicate that this is only of the order of 25 
percent, 


Corona on Hardware and Fittings 


In the design of the test setup, special 
consideration was piven to eliminate 
corona and other effects from what might 
he called “accessories” to the conductor, 
that is, insulators, shielding line-hard- 
ware, and shielding points such as suspen- 
sion or dead-end clamps, tap connections, 
and so forth. This was done go as to con- 
fine, as far as possible, the field study to 
the various effeets of high voltage on the 
conductors themselves, independent of 
so-called accessories, 

However, during the test, field observa- 
tions were made on the corona effects on 
various features of construction, such as 
changing the number of insulators, modi- 
fying grading shield design, and adequacy 
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Figure 21. Relation between radio influence 
and corona loss for different voltages. Fair 
weather—quasi-peak radio influence at 1 mega- 
cycle, 100 feet from line-2-inch steel-rein- 
forced aluminum cable-32-foot horizonta 
spacing 


of shielding conductor fittings after use in 
the field. During such a staged test at 
night when corona could be visually ob- 

served, some insulator strings were re 
duced from the test standard 30, to 20, 22, 
and 24, Also grading shields were re- 
moved completely from one set of such 
insulators and the lines energized at three 
separate voltages of 374, 427, and 500 ky. 

Without grading shields at 374 kv, no — 
corona was observable on the insulator 
strings even down to 20 units. At 427 kv, — 
slight corona appeared on insulators up to — 
30 units. At 500 kv and without shields, 
corona was observed up to 34 units. 

Limited field visual observation when — 
the lines were energized, indicated no 
corona problems would be encountered on 
conductor hardware such as dead-end 
conductor clamps, conductor splices, and — 
tap connections, which would be of major 
concern if suitable grading shields were — 
used on the line end of insulator strings. 

Less extensive shielding at the line end 
of dead-end insulator assemblies on the 
line appears feasible, as evidenced by 
visual corona observations in the field 
with part of the existing grading shield of — 
one type removed. 

While shielding by insulator grading 
shields and special forming of line hard- 
ware was emphasized in the test layout, to — 
limit corona loss measurements to con- — 
ductor effects only, the above incidental 
observations may have some value when 
considering the design of extra-high- 
voltage lines for continued service, 

The general conclusion drawn at the — 
time of these tests was that for 374 kv and | 
below, shields were not needed on insula- _ 
tor strings as low as 20 units if corona — 
elimination only is essential. Othe 
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atures of line design, outside the scope of 
his paper, may warrant the use of grading 
hields at the line end at least. 


ion of Corona and Radio 
_ Influence Data 


_ An attempt to correlate radio influence 
data with corona loss failed to give con- 
ere results. The average of a few 3- 
phase manual tests in the field under fair 
weather conditions is shown for a 2.00 
neh steel-reinforced aluminum cable in 
‘Figure 21. It will be noted that the radio 
influence increases less rapidly than the 
corona loss. It was hoped that a general 
relationship of ratio between radio in- 
fluence and corona loss could be estab- 
lished which would be useful in transmis- 
sion design work. The relation between 
radio influence and corona for all condi- 
tions has not been developed to date, but 
work is continuing on this phase of the in- 
vestigation. 


Conclusions 


1. Great variations in conductor co- 
rona loss result from weather conditions, 
rain and fog raising the loss considerably 
above fair weather values. In the practi- 
cal range of extra-high-voltage lines, con- 
ductor sizes, and conductor spacing now 
being considered, the maximum corona 
loss may be as high as 40 to 80 kw or more 
per 3-phase mile during rain, while the 
fair weather loss may be about 1 kw or 
less. 

2. With increasing rates of rainfall the 
corona loss for a given conductor at any 
given voltage increases, but at a less rapid 
rate than the rain, tending to become con- 
stant at very high rates of rainfall. 

8. Corona loss under wet and stormy 
conditions are of much greater importance 
economically than fair weather losses. 

4. Determination of annual corona 
losses on a line can be made using the data 
presented in this paper when correlated 
with Weather Bureau records in the loca- 
tion where a transmission line is con- 
templated. 

5. Corona loss during foul weather 
which blankets an extra high voltage sys- 
tem, may be sufficiently high as to require 
additional installed system generating 
capacity to supply the loss. 

6. The aging or weathering of conduc- 
tors requires from six months to a year to 
bring the initially high loss down to a 
comparatively stable lower value. 

7. The surface potential gradient on 
the center conductor of a line of flat con- 
figuration exceeds by about 5 per cent 
that on either outside conductor. 
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8. The measured charging current (an 
index of the conductor surface gradient) 
is about 5 per cent higher than the calcu- 
lated values determined from physical 
dimensions. This should be recognized 
when detailed calculations are made to 
predetermine corona performance of a 
conductor. 

9. Ground voltage gradient appears to 
have a minor effect upon corona losses, 
although a study of this phenomena 
should be continued. 

10. Radio influence begins when co- 
rona loss is still immeasurable, but in- 
creases at a lower rate than corona. 

11. The presence of two ground wires 
on a line of flat configuration has no 
significant practical influence on the 
conductor corona loss. 

12. The copper loss (J?R) of a conduc- 
tor in service raises the temperature suf- 
ficiently to prevent condensation of mois- 
ture during fog, with a resultant decrease 
in corona loss. Consequently, corona 
losses reported here for all weather and 
foggy weather are higher than will occur 
in service, 

13. The corona loss performance of 
conductors should take into consideration 
not only the fair weather loss, but also the 
all-weather and storm-weather loss which 
are of more significance from an economic 
loss point of view. 

14. The data presented in the paper, 
it is believed, provide the basic informa- 
tion for making a sound engineering 
choice of conductors for an extra-high- 
voltage system, if used in conjunction 
with other important considerations in re- 
gard to the conductor and its economic in- 
fluence on a given line. 
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Discussion 


J. R. Robert (Electricite de France, Paris, 
France): This report confirms the results 
obtained from 1948 to 1950 at the Chevilly 
500-kv experimental station. The conclu- 
sions of the paper, in particular those relat- 
ing to conductor aging, to the five per cent 
difference between calculated and measured 
load current values, and to the importance 
of losses in the rain for the calculation of 
annual losses, are similar to those obtained 
from the Chevilly tests. 

However, it seems opportune to consider 
again three important points. 

First, Figure 2 of the paper shows that 
curves for the same conductor have a certain 
instability even after the corrections indi- 
cated in the paper have been made. Similar 
curves recorded at Chevilly show the same 
character in some respects, but it neverthe- 
less has been possible to regroup them by 
means of the following additional correc- 
tions: 


1. Elimination of points giving abnormally low 
losses which correspond to ill-defined conditions and 
certainly are abnormal because of their instability. 


2. Additional correction taking into account space 
charge distortion in 3-phase operation. This space 
charge distortion increases the losses in the same 
proportion as an increase of about 2 per cent in the 
normal gradient. This correction is in addition to 
that necessitated by the difference observed at 
Chevilly between calculated and measured charge 
current values. 


3. Additional corrections of records obtained in 
very hot weather, the correction proportional to 
air density factor to the two-thirds power having 
proved insufficient in these cases. The tempera- 
ture to be used therefore is distinctly higher than 
the surrounding temperature. 


Secondly, in order to predetermine losses 
in the rain for a given line, the paper pro- 
poses a method based on the curves of Figure 
15 linking losses to the rate of rainfall. In 
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1948 Mr. Francois Cahen indicated a 
slightly different method used in France. 


Finally, the tests carried out at Tidd ona 
bundle of two 0.92-inch conductors with a 
20-inch spacing have yielded results com- 
parable to those obtained on the 1.65-inch 
conductor, and this in fine weather as well 
asin the rain. This result does not seem to 
be in accordance with bundle tests that have 
been carried out up to the present in differ- 
ent countries. This may be explained by 
the fact that the bundle tested at Tidd is too 
far from its optimum spacing for corona. 
Figure 8 of the paper shows that the loss 
minimum, when this spacing varies, is ob- 
tained for a spacing Do = 7 inches between 
conductors. The 20-inch spacing used in 
line therefore is about threefold. The opti- 
mum spacing of the Chevilly bundles is Do 
= 8 inches (20 centimeters), and the spacing 
of bundles in line is only 2 Dy. Some tests 
in Chevilly were carried out with a spacing 
3 Do. When the spacing is changed over 
from 2 Dy) = 40 centimeters to 3 Dy = 60 
centimeters the critical voltage in fine 
weather is decreased by about 7 per cent, 
as shown in Figure 1(A) of this discussion, 
jand losses in the rain are double, as shown in 
Figure 1(B) of this discussion. The influ- 
ence of conductor spacing is small as long 
as this spacing does not exceed double the 
optimum values, but it becomes important 
henceforth. It therefore is advisable not to 
exceed about 2 Do, that is, for the bundle of 
two 0.92-inch conductors a spacing of 14 
inches. Bundles adopted in Sweden comply 
with this rule, that is, optimum spacing of 
Dy = 9.5 inches has an actual spacing in the 
380-kv line of 18 inches. 
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A. R. Jones (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): When the 
paper was written, the analysis of the data 
on the effect of conductor temperature was 
hardly begun. It was thought that raising 
the temperature of the conductor above the 
ambient temperature of the air would re- 
duce the average loss during apparent fair 
weather and during the all-weather period. 
The analysis completed at that time indi- 
cated that some effect was present during 
the precipitation periods. This was con- 
trary to expectation, and it was felt that 
more of the data should be analyzed before 
conclusions were drawn. Since the paper 
was submitted, some additional data have 
been analyzed and the results obtained are 
presented here, 

The data presented here were taken on a 
2-inch expanded aluminum cable steel-rein- 
forced conductor by recording graphically 
the loss on two similar conductors, one 
heated and one unheated, with the same 
voltage applied. These data were obtained 
during all types of weather from February 
through August 1950. The ratios given in 
Table I, column 4, of this discussion are the 
ratios of the average losses on the two con- 
ductors. The amount of data examined is 
indicated by the time in hours shown in 


column 5, and the voltage is indigated in 
column 2. This analysis was undertaken 
jointly by Mr. Naef of the American Gas 
and Electric Service Corporation and my- 
self. 

Since the normal J?R loss of a conductor 
would not be expected to keep the conductor 
dry during rain, one would expect that heat- 
ing a conductor would have a negligible 
effect during precipitation. It was very 
startling that the ratios during precipitation 
ranged from 0.58 to1.1. The fact that some 
of the values exceed 1.0 by a small amount is 
due to the configuration. The difference in 
charging currents between the two conduc- 
tors on a per-mile basis is about 2 per cent, 
which can explain the above discrepancy. 

The effect of heating on precipitation 
losses can be explained by the method of 
analysis which is covered in detail in a com- 
panion paper.! By definition, all loss which 
can be reasonably attributed to rain, as indi- 
cated by the rain gauge, is classed as “‘pre- 
cipitation’’ loss. Thus, loss occurring imme- 
diately before or after a period of known 
rain is included in the precipitation data. 
The loss occurring during these ‘‘end’’ 
periods can be reduced materially by con- 
ductor heating. 

The authors show in Figure 11 that the 
drying-off time of an aluminum cable steel- 
reinforced conductor in the laboratory is 40 
minutes, and undoubtedly it might be longer 
if the humidity were high. Figure 19 of the 
paper gives a comparison between the losses 
on heated and unheated conductors. It can 
be noted that the loss on the heated conduc- 
tor during fog is practically zero and that 
its drying-off period is greatly reduced. 
Heating the conductor might prevent light 
traces of rain from increasing the loss at all. 

Maximum values of loss are not reduced 
as they occur during very heavy rain on 
which normal heating has no effect. 

It is important to note that the ratio is a 
function of voltage. The percentage of re- 
duction in the average loss by heating the 
conductor is much higher at the higher volt- 
ages. This seems consistent, since an ex- 
tremely small disturbance of the surface of 
the conductor, such as a fine drop of rain or 
a slight change in atmospheric conditions, 
can markedly increase the loss at the higher 
voltages. Conversely, the losses are only 
slightly increased by fog and drizzle and 
other minor disturbances when the applied 
voltage is relatively low. 

A reasonable operating voltage for the 
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* Line to line. 
+ Line to ground. 
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Figure 2. The results of tests when drops of 
water were used to create point discharges 


Upper left—Rod with tacks on 

Lower left—Single brush discharge 
Upper right—Brushes on drops along rod 
Lower right—Single brush discharge 


particular conductor under test would be 
approximately 3880-kv line-to-line, corre- 
sponding to a charge under single-phase 
conditions obtained at 262 ky line-to- 
ground. The heating used on the conductor 
under test at 262 kv was about 141 kw per 
3-phase mile, which corresponds approxi- 
mately to the J?R loss to be expected on a 
practical line using this conductor. 

An additional aspect of the problem of 
heating a conductor is the effect on radio 
influence. The percentage of time that high 
RI values exist is reduced as the “end” 
periods referred to previously are shortened 
by heating. If crest values of RI are the 
criterion of satisfactory service, conductor 
heating has no effect. 

The heated conductor tests not only im- 
prove the accuracy of the results of this 
project, but also might be useful in evaluat- 
ing data obtained by other investigators of 
corona. 


REFERENCE 
1. See reference 9 of the paper. 


Joseph S. Carroll (Stanford University, 
Stanford, Calif.): Those who have read 
this paper carefully will realize at once the 
very great importance of the material that 
it presents so clearly. The process of work- 
ing up the results given in this paper un- 
questionably has required an enormous 
amount of time and effort. The authors are 
to be complimented on their choice of 
methods of assembling such a large amount 
of data covering such a wide range. 

Besides the regular corona loss data given 
in the paper the authors have made another 
valuable contribution, that is, the definition 
of weather as related to corona loss. In this 


Figure 3 (right). Corona-loss tests—effect of 
mutual shielding 
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connection the curves shown in Figure 3 of 
the paper are very valuable, in that they 
give the limits, both high and low, of the 
corona loss that might be expected for the 
different conductors. 

The curves in Figure 10 of the paper show 
something very interesting. For a rate of 
rainfall above about 0.2-inch per hour the 
increase in corona loss with the rate of rain- 
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fall is rather small. This checks with some 
very limited tests made at the Ryan Labora- 
tory on an outdoor 700-foot 'test line. 

The minimum fair-weather curves shown 
in Figures 2(4) and 2(D) of the’ paper 
check very closely with:published data taken 
at the Ryan Laboratory on a 700-foot test 
line using similar conductors having what 
was defined as a weathered condition. 

This paper has taken care of a lot of very 
important, previously unanswered ques- 
tions, 


Thomas F. Peterson (Preformed Line Prod- 
ucts Company, Cleveland, Ohio): Careful 
study of this excellent, thought-provoking 
paper—especially the sections relating to 
curves, Figures 10 through 15, prompts me 
to call to your attention the tremendous 
significance of a single drop of water. The 
case at hand seems not unlike those in 
which one must study the atomic or micro 
structure to gain an understanding of a 
galaxy or macro structure. Radio influence, 
corona loss, control of line design, as well as 
economic and physical feasibility of trans- 
mission at very high voltages, may be in 
large measure influenced by corona at drops 
of water. 

Almost 30 years ago, after some of us at 
Stanford University had developed tech- 
niques and equipment for measuring corona 
loss accurately (even down to the rather 
small loss due to corona at a single point 


LOSS DUE TO BRUSHES ON 1/2. POLISHED 
BRASS TUBE 6’ LONG AT 138 KV TO NEUTRAL, 


BRUSHES FORMED ON WATER DROPS. 
DRY TUBE LOSS 57.5 W. 
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brush discharge), I set about observing the 
behavior of, and the losses encountered by, 
water drops on a smooth corona-free cylin- 
drical conductor. The shielding effects of 
one drop on another and the integration of 
losses over a long length of conductor were 
most interesting. The results of test when 
drops of water were used to create point 
discharges are shown in Figures 2 and 3 of 
this discussion. It will be observed that, 
for a spacing of about 12 inches, the loss per 
drop, that is, per brush discharge, is a maxi- 
mum, but the total loss for the full length of 
conductor is low. With decrease in spacing 
the loss per drop decreases—slowly at first, 
then rather rapidly—because of change in 
field and ultimately shielding which, as 
shown in Figure 2, may result in corona at 
alternate drops. The total loss reaches a 
maximum for spacings down around one 
inch and may drop back to zero for closer 
spacings. 

The Y-Y curve as shown in Figure 3 of 
this discussion offers a possible explanation 
of the curves shown in Figures 10 to 15 of 
the paper, since increase in rate of rainfall 
would correspond to decreasing spacing of 
drops. 

In view of the tremendous increase in total 
loss accompanying increase in rate of rain- 
fall (decreasing the spacing of raindrop 
sources of corona discharge) with accompa- 
nying increase in radio influence, I have 
given thought to the economic feasibility of 
modifying the conductor surface by, for 
example, special stranding, treating and/or 
coating wire, and introduction of wetting 
agents, to preclude increasing drop forma- 
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tion with increasing precipitation. Periodic 
treatment of lines may be indicated in the 
case of very-high-voltage transmission lines. 


I. W. Gross, C. F. Wagner, O. Naef, and 
R. L. Tremaine: Mr. Robert states that he 
and his associates in their investigations 
have obtained a somewhat smaller spread in 
their data by the elimination of ‘‘points giv- 
ing abnormally low losses which correspond 
to ill-defined conditions.” It appears to us 
that this action can be justified only on the 
basis of lack of stability in the instrumenta- 
tion at low losses. We had made a very 
careful investigation of our instrumentation 
and found that, even in the low range of 
power, it was quite sensitive and stable. 
We, therefore, believe that the loss measured 
actually existed at the time and that these 
measurements should not be eliminated. In- 
spection of Figure 2 of the paper, particularly 
2(A) and 2(C), which have a large number 
of individual tests, shows only a few points 
that one might consider in a range inconsist- 
ent with the other data. In converting the 
data from Figure 2 to Figure 3 of the paper, 
only these few extreme points were elimi- 
nated. 

We presume that the “space load distor- 
tion”’ referred to by Mr. Robert is the space 
charge distribution of the kind investigated 
by Mr. Otto J. M. Smith in 1948.1 From 
this paper, it is evident that a theoretical 
calculation of gradient, taking into account 
this factor as affected by single-phase or 3- 
phase configurations, would be extremely 
complicated. It can only be properly 
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evaluated experimentally by determining 
conversion factors to apply to the conduc- 
tors to convert readings taken under single- 
phase conditions to 3-phase values. Ex- 
aminations of the variance of the single- 
phase tests as a group and the 3-phase tests 
as a group shows that the normal variance is 
so large as to mask completely a factor as 
small as two per cent. This is particularly 
true for the stranded conductors. The re- 
sults in Figure 2( C) of the paper ona smooth 
conductor were taken under both single- 
phase and 3-phase conditions. There is no 
apparent difference in the average values 
for the single-phase and 3-phase conditions. 

While one would expect a difference in loss 
because of the increased temperature of the 
conductor during hot weather, our tests un- 
der long-time conditions, involving two 


summers, do not indicate that a correction 


proportional to air density factor to the two- 
thirds power is not adequate. 

We are sorry if the paper implied that we 
were recommending a space of 20 inches for 
the bundle conductor; such was not the in- 
tent. Short-time field tests had been made 
on bundle conductors at several spacings 
and a long-time test was made at a spacing 
of 20 inches. These tests are being con- 
tinued. As a matter of fact, it was not in- 
tended that conclusions or recommendations 
for any conductor for any voltage would be 
included in the paper. The data only were 
presented. 
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HE object of this analysis is to de- 

termine the major factors which con- 
trol the transient response of the saturable 
reactor with resistive load. Such re- 
sponse is analyzed with respect to changes 
of control voltage, supply voltage, and 
load resistance. Operating in the pro- 
portional region, the response of the load 
current to any of the previous changes is 
an exponential function, governed by a 
single time constant. This time constant 
is proportional to the load resistance and 
inversely proportional to the control- 
circuit resistance and the line frequency. 
Without forcing, the time constant of the 
parallel-connected saturable reactor is 
twice the time constant of the series- 
connected one. Within limits, speed of re- 
sponse and power gain of the series-con- 
nected saturable reactor are interchange- 
able. The power gain of a series-con- 
nected saturable reactor is in the vicinity 
of six, when based on a time constant of 
one cycle. 

A rigorous analysis of saturable-reactor 
circuits becomes quite difficult because of 
the nonlinear and‘ multivalued character 
of the magnetization curve. The follow- 
ing analysis relinquishes some rigor in re- 
turn for a quicker and clearer understand- 
ing of the fundamentals. Good agreement 
between theoretical calculations and 
actual test results vindicates the intro- 
duction of certain simplifications. 

One simplification consists in reducing 
the hysteresis loop to a single-valued func- 
tion. The wide, present-day use of grain- 
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Transient Response of Saturable Reactors 
: with Resistive Load 
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oriented steels and other square-loop ma- 
terials permits a further simplification of 
the magnetization line by representing it 
with three straight lines, Figure 1(A).! If 
the magnetic intensities in the core of the 
saturable reactor are very large with re- 
spect to H;, a further simplification is 
possible by assuming H,=0. The result 
is the rectangular characteristic of Figure 
1(B); this approximation becomes in- 
creasingly accurate with core materials of 
high differential permeability (50,000 
gauss per oersted or more). 

A further simplification consists in 
assuming the air-core reactance of the load 
windings negligibly small with respect to 
the load resistance R,; the resistance of 
the load windings, instrument rectifier 
and ammeter are included in the load re- 
sistance R;, Figure 2. The resistance of 
the control windings are lumped in the ex- 
ternal resistance Rg. 

The saturable reactor described in the 
following consists of two magnetic cir- 
cuits (Figures 2 and 15), arranged in such 
a manner that voltages of fundamental 
frequency and, odd harmonics are can- 
celling each other in the control circuit. 
The two magnetic circuits may consist of 
two separate units A and B as shown, or 
they may be embodied in a 3- or 4-legged 
construction without change of basic per- 
formance. Because of the connections of 
the load windings, the reactor circuit of 
Figure 2 is. called series connected and 
the one of Figure 15 is called parallel 
connected. Each of the two units A and 
B is essentially a single-phase transformer 
consisting of an iron core, one winding 
X1-X2 called the load winding, and a 
second winding Y1-Y2 used as control 
winding. The rectifier instrument indi- 
cates the average value J; of the load 
current. 


The dots in Figures 2 and 15 signify 
winding polarities. A current is called 
positive when it enters the winding at the 
dot. The magnetomotive force F is 
called positive when derived from a posi- 
tive current and positive direction is in- 
dicated by arrows Fy, and Fz. The 
voltage across the winding is defined 
positive when the terminal with the dot is 
more positive than the other terminal. 
The a-c supply voltage e is counted posi- 
tive when the a-c bus with the dot is the 
more positive one. 


The Series-Connected Saturable 
Reactor 


CONTROL-CiIRCUIT RESISTANCE LOW 


The control-circuit resistance is called 
low when its value, referred to the load 


B 


Figure 1. A. Magnetization line represented 
by three straight lines. B. Rectangular mag- 
netization line 
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La 
trol i 
and voltage e;, 


winding, is small with respect to the load 
resistance R,;. 


Voltage, Flux, and Current Wave Shapes 


Consider the saturable reactor of Figure 
2 operating in steady state. At 0=0, 
Figure 3(E) the flux $4 in core A equals 
®, (to be determined later) and the flux 
¢ép in core B equals the saturation flux 
®,, the operating point being at this 
moment right at the knee of the mag- 
netization line, Figure 1(B). The line 
voltage e will cause a magnetizing current 
to flow through the load windings X1, X2 
of units A and B. With a rectangular 
magnetization line and operating on its 
vertical branch (u=) during 0<@<a, 
such magnetizing current will be zero, and 
hence, no voltage drop occurs in the load 
resistor R,. The voltage of point 3 is 
identical with the voltage of bus 5. Thus 
the line voltage is applied to the two units 
A and B in series, and because of the 
identity between units A and B during 
0<6<a, one half will appear across X/, 
X2 of unit A and the other half will ap- 
pear across X1, X2 of unit B, Figure 3(D). 

As a result of the application of half the 
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Figure 2 (left). 
Elementary cir- 
cuit diagram of a 
series - connected 
saturable reactor 


Figure 3 (right). 
Theoretical wave 
shapes of voltage, 
flux and current 


Figure 4 (left). 
Oscillogram 
showing the wave 
shapes of line 
voltage e, load 
current iz, con- 

current ic, 


A across load 
winding of unit A 


= ; Nx1078 (1) 


The line voltage 


e=Em sin 0 (2) 
where 
0=wt =2nft (3) 


Integrating equation 1 and substituting 
from equation 2, one obtains: 


(1—cos6) (4) 
The core flux ¢, is: 
$4=2,+- 4,4 (5) 


Because the load winding of unit B is con- 
nected into the same circuit, but with 
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(4) 


(c) 


opposite polarity, the flux swing in core B 
has the opposite sign, hence: 


PA,B=—A,A (6) 
The flux @g in core B becomes: 
$4 =2s— GAA (7) 


Figure 3(E) illustrates how flux @4 in- 
creases while ¢g decreases. Finally for 
6=a, core A becomes saturated, and 
hence can no longer produce a voltage 
across terminals X1, X2 and Y1, Y2 of 
unit A. The terminals Y/, Y2 of unit B 
therefore see only Rg in the circuit. By 
premise Rg is small, and for the sake of 
simplicity let us temporarily assume 
Ro=0. 

The external circuit as seen from the 
terminals Y/, Y2 of unit B is therefore a 
short circuit. The effective impedance 
across terminals X/, X2 of unit B becomes 
now zero and the line voltage e appears in 
full strength across the load resistance 
R,. This is shown in Figure 3(D) where — 
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at 6=a the sinusoidal voltages across 
terminals X1, X2 of units A and B 
collapse, and jointly reappear across R,, 


Figure 38(A). For a<6<7 the load cur- 
rent becomes: 
tb = e/Rr (8) 


Because the voltage e; 3 across the load 
winding of unit B is zero for a<@<r7, 
no furthér flux change (equation 1) takes 
place and 6, remains constant. How- 
ever, the core flux ¢, can remain constant 
only if the sum of all magnetomotive 
forces acting on core B remains constant. 
This requires a current 7¢ in the control 
winding: 


tt,pNp+icNce =0 (9A) 


Remembering that iz,,=—iz,, it fol- 
lows from equation 9A; 


ipNi=icNc (9B) 


as shown in Figures 3(B) and 3(C). The 
events during the next half cycle are 
analogous. 

The control current 7¢ contains a d-c 
component I~. This d-c component can- 
not be supplied by transformer action 
from the a-c system, but requires a dis- 
crete voltage Eo in the control circuit: 


Eo =Ic¢Re (10) 


The key position of Eg as a controlling 
agent now is evident. 

The oscillogram of Figure 4 shows the 
close agreement between the theoretical 
wave shapes of Figure 3 and the actual 
observation. 


The Law of Equal Ampere Turns 


The equality of instantaneous ampere 
turns (equation 9) for the unsaturated 
core is an important, fundamental charac- 
teristic of saturable reactors. It follows 


that the average, rectified load ampere 


i 


i 


\ 


mi 


AAAI 


CONTROL VOLTAGE 
INCREA 


Figure 6. Oscillogram of load current i;, and 
control current ic, when control voltage Ec is 
increased 


AAAI ur 


CONTROL VOLTAGE MEGS 
DECREASED-~ 


Figure 7. Oscillogram of load current i, and 
control current ic, when control voltage Eg is 
decreased 


turns 7,7; must equal the average con- 
trol ampere turns Ip Ng: 


IcNc=I,N1 (e55) 


The simplicity of equation 11 is strik- 
ing: line voltage, line frequency, and load 
resistance are absent. The saturable 
reactor therefore can be visualized as a 
controllable, constant current device. 
Obviously, there are limits to the function 
as constant current device, which limits 
have been determined.’ 

As pointed out previously, the assump- 
tion of a rectangular magnetization curve 
is valid only if the magnetic intensities in 
the core are very large by comparison with 
H,. Therefore, equation 11 and its 
ramifications should not be applied to the 
vicinity of IgNg=0. For instance, for 


zero control ampere turns, the load cur- 
rent cannot become zero because this 
would require an infinite reactance, which 
cannot be realized. 

It also is evident that a continuous in- 
crease of control current cannot produce 
an unlimited increase of load current: 
the largest possible load current J; m is 
limited by the load resistance R;: 


Tim =E/Rr (12) 


where £ is the rectified average value of 

the line voltage with the crest value E,,; 
2 

E=-En (13) 
Tv 

Actually, the maximum current does 
not quite reach the magnitude F/R, be- 
cause of air-core reactance of windings. 

Figure 5 shows the results of the simpli- 
fied theory by full lines, and the experi- 
mental results are indicated by dots. The 
section OA is called the proportional 
region. When using the same scale for 
both axes, the proportional region is a 
straight line with a slope of 45 degrees. 

A reversal in the polarity of the control 
voltage Ee will produce a symmetrical 
characteristic OA’ C’. The load current 
depends only upon the absolute value of 
the control current. 

In cases where the power loss in the re- 
sistance R; becomes of interest, the effec- 
tive value Ip, can be expressed by the 
form factor ky 


kyp=Ty ett/I (14) 


of which experimental values are plotted 
in Figure 5. 
The rectified average current becomes 


E 
ene cos a) 


= 15) 
aw Ry ( 


Figure 5 (left). Master graph 


Figure 8 (below). Relative load current changes, obtained by 

averaging load current from Figures 6 and 7 over one half 

Solid line represents calculated values, dots and 
crosses denote measured values 
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Figure 9. Effect of increase of supply a-c voltage. 
load current, lowest trace: 


trace:— timing wave, middle trace: 
control current 


where a is the angle of retard, Figure 3. 
From equation 13 


E 
Th=3R tt cos a) (16) 


and from equation 11 


ToNo_ 


=a (17) 
IimNz 


cos a=2 

The angle of retard a and its cosine 
have been plotted on separate axes in 
Figure 5. 


Apparent Inductance 


The maximum flux swing ®, ,,, Figure 
3(B), is obtained from equation 4 by sub- 
stituting @=a from equation 17 and 
further by equation 13: 

108 108 


——— (= eee 
8fNzr ( es a af, 


Ec N, 
E-——£R,) (18) 
Ro Ni 
Let us define the rectified average no-load 
saturation voltage EH,» as the line voltage 


which will cause a flux swing of 2@, for 
I¢=0, then one obtains from equation 18 


Pam 25 


eee 5 
A,m =2s 4fN;, $40 ( 
Exo =8f®;N110-8 (20) 


A reactor which is operated with a 
voltage equal to or smaller than E,,, is 
called normal excited and under excited, 
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Figure 11 (right). 
Relative load cur- 
rent changes, ob- 
tained by averaging 
load current from 
Figures 9 and 10 
over one half cycle. 
Solid line represents 


values, 
crosses 
denote measured 
values 
Upper 
respectively. The preceding and follow- 


ing discussions deal exclusively with nor- 
mal and under excitation. 

The sum of the core fluxes follows from 
equations 5 and 7: 


batop=Pitdaat?s—baa=Pit?s (21) 


and is, quite interestingly, a constant 
quantity. © is seen from Figure 3(E): 
d =, — Pa m (22) 
Substituting from equation 22 into equa- 
tion 21 

bates =26;— Baim (23) 


In order to express the sum of the core 
fluxes by the control current, substitution 
is made from equations 18 and 19: 


108 Ec Ne 
=——| FE, ,>— E+— —R 24 
bates inl 3,0 ie N, :) (24) 
During steady-state operation, the 


flux linkages (64+¢,)Ne of the control 
windings are constant throughout the 
cycle. The control windings of the 
saturable reactor therefore interlink a 
total flux which is similar to the flux of an 
ordinary, linear d-c reactor. It follows 
that any change in steady-state flux 
linkages, as may be caused by a sudden 
variation of Eg, E, R, or f (equation 24) 
will be accompanied by an exponential 
transient or flux linkages with a time con- 
stant? T=L/R. 

An exponential variation of the flux 


Figure 10 (left). 


Effect of decrease ; 
of supply a-c vol- | 
tage. Upper 
trace: timing 
wave, middle 
trace: load cur- 


rent, lowest trace: 
control current 


TRANSIENT 
Parts 


—=<CYCLES =) 


linkages will in turn cause a similar varia- 
tion of ®,,, equation 23, and hence an ex- 
ponential variation of J, and J,, equa- 
tions 18 and 11. 

The next step is to determine L: 


dg 
L=—N10-8 
di 


(25) 
For small, finite changes of Ad and Ai the 
inductance becomes 

A 
L=-?i0-8 (26) 

At 

In our case, J~ and J; are pulses, 

averaged over one half cycle, and hence 
equation 26 applies. The apparent in- 
ductance of the control circuit follows 
from equations 24 and 26: 
mI A(¢at+¢n) 1 Net 


Nc1078 = —Krp—— 


L 
i Alc 4f N;? 


(27) 

One obtains the rather surprising result 
that the inductance of the control winding 
is proportional to the load resistance R, 
and inversely proportional to the fre- 
quency, while the core permeability which 
is of paramount importance in linear reac- 
tors does not even appear in equation 27. 
For control ampere turns in the vicinity of 


Figure 12 (below). Effect of increase of 
load resistance. Upper trace: timing wave, 


middle trace: load current, lowest trace: con- 
- trol current 


JAQQQUUUU UU 
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I¢Nc=0, the operation of the saturable 
reactor is entirely different and equation 
27 cannot be applied. 


Time Constant 


In the case of an ordinary, linear reactor 
L, connected to a resistor R, a sudden 
change in driving voltage AE will cause a 
steady-state change AJ of the current.® 
Denoting by Az the current change which 
is necessary to reach the final steady-state 
conditions: 


3 t 

a (28) 

where the time constant 

T=L/R (29) 
Ai =s ? 

log 75 = log « "= —7.log « (30) 


which indicates, that an exponential func- 
tion plotted on semilog paper becomes a 
straight line. 

In order to enumerate the time constant 
T from an experimental response, let 


Az; occur simultaneously with 4. From 
equation 30: 
—t 

eS - log e (31) 

log mA 

Ar 

For 
At, 1 
ean 030). 368 (32) 
AI é 
log — =— loge (33) 
and from equation 31 
T=t (34) 


One obtains the time constant T by in- 
tersecting Ai/AT=0.368 with the re- 
sponse characteristic. 

In a saturable reactor the load current 
changes with respect to time in a manner 
similar to equation 28. This is demon- 
strated in the scillograms Figures 6 and 
7. Figure 6 illustrates the case where the 
control voltage has been increased (rise) 
and Figure 7 where the control voltage 
has been decreased (fall). The upper 
traces indicate the load current, the 
lower traces the control current. 

By plotting the average value of current 
for each half cycle (oscillograms of Figures 
6 and 7) on semilog paper, a check is ob- 
tained with respect to the exponential 
character of the function. This has been 
done in Figure 8 and one recognizes that 
the points for rise and fall straddle very 
closely a straight line. The conclusion is 
that the current changes in an exponential 
fashion and therefore the change of load 
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current with respect to time can be ex- 
pressed by a time constant. This time 
constant is the same for rise and fall as 
proved by the single straight line of Figure 
8. The experimental value of the time 
constant follows from equations 32 and 34 
T=3.8 cycles. 

In analogy to the time constant of the 
linear reactor, equation 29, the time con- 
stant of the saturable reactor becomes: 


(35) 


If we call R,’ the control-circuit re- 
sistance referred to the load circuit: 


N,? 

‘— R,—— 36 
Re Ne (36) 
the time constant becomes: 

R 
=— — seconds (37) 


4f Re’ 


One recognizes that the load resistance 
and control-circuit resistance affect the 
time constant in an inverse manner: an 
increase in control circuit resistance 
speeds up the response, whereas an in- 
crease in load resistance slows down the 
response. The time constant also is in- 
versely proportional to the frequency, be- 
coming shorter with an increase of fre- 
quency. This fact also can be expressed 
by stating that the time constant, if 
measured in cycles, depends on the re- 
sistance ratio only: 


1R 
Tare cycles (38) 


C 

For the case shown in Figures 6 and 7 
R,=1,600 ohms, Re =5.2 ohms, N; = 910, 
Nco=200, T follows from equation 38 as 
3.7 cycles; the measured value of T from 
Figure 8 is 3.8 cycles. 

It should be pointed out that for time 
constants of less than one cycle, equation 
38 becomes inaccurate and indicates too 
small values for T. Furthermore, equa- 
tion 38 will yield too small results if the 
cores are not well saturated during part 
of the cycle. Such lack of full saturation 
is encountered for control ampere turns 


in the vicinity of zero; under these cir- 
cumstances the time constant may be- 
come many times larger than expressed 
by equation 38. 

Reiterating equation 24, the average 
flux ¢4+¢@p is affected by line voltage, 
line frequency, control current, and load 
resistance. The sudden change of any one 
of these parameters will cause an exponen- 
tial transient with the time constant T. 
The following analysis deals with the 
effects of sudden changes of the above 
parameters, except for line frequency, 
which in most cases can be considered 
constant. 

As in the preceding, the derivations in- 
volving the time constant hold only for 
the proportional region with the exception 
of the vicinity of JgNg=0. 


Load and Control Current as Function of 
Control Voltage 


The steady-state value of the control 
current is: 


Io =Ec/Reo (10) 


If the control voltage changes suddenly by 
AFg, the control current Jg will change 
exponentially as previously explained: 


AEc 


t 
lg ea 
ao 


Ec 
=— 39 
Io Rall (39) 
where T is expressed by equation 37 in 

seconds, and by equation 38 in cycles. 
Because of equations 9A and 11, the 


load current becomes: 
(40) 


Voltage Gain. _ Defining the voltage gain 
by AJ,R,/AEg and substituting from 
equations 36 and 40 
TER oO RiNG 
ta (1-7) 
AEc Re’ Ne 

The constant part of the gain is de- 
noted by 


(41) 


_Ri Nz 
~ Ro’ No 


Ke (42) 


Figure 13. Effect of decrease 
of load resistance. Upper 
trace: timing wave, middle 
trace: load current, lowest 
trace: control current 
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K, is proportional to the ratio of load 
resistance over control resistance when re- 
ferred to the same side of the reactor, and 
also proportional to the transformation 
ratio N,/Ng. 


Power Gain. If the control voltage 
is varied by asmall amount A/g, the con- 
trol current changes by Alg,, and the 


change in control power APz¢ is: 
APg = AEgIo+ Ec Alom+ AEc Alem (43) 


The power in the load will change by 
AP;: 


AP, =(2Al, minRr+ SI1,m*Rr)k/? (44) 


The constant part K, of the power gain is 
defined by: 


(45) 


Substituting equations 43 and 44 into 
equation 45, and neglecting terms of A? 
order, one obtains: 


Kyi (46) 

One recognizes that the power gain is 
equal to the quotient of load resistance 
over control-circuit resistance, when re- 
ferred to the same side of the reactor, 
times the square of the form factor, see 


Figure 5. 


Interrelation Between Power Gain and 
Time Constant (Relative Power Gain). 
A typical value for the time constant is 25 
cycles. In some instances it is important 
to keep the time constant T below a cer- 
tain value. In order to reduce 7, ad- 
ditional resistance, called forcing re- 
sistance, is inserted into the control cir- 
cuit. This measure increases Ry’ and 


Figure 14 (below). Relative load current changes, obtained 
by averaging load current from Figures 12 and 13 over one- 
half cycle. Solid lines represent calculated values, dots and 

crosses denote measured values 
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hence reduces 7, equation 38. The in- 
crease of Ry’, however, causes a propor- 
tional redviction in power gain K,, equa- 
tion 46, assuming the form factor hy con- 
stant. Power gain therefore can be traded 
against speed of response. 

There are some practical limits to this 
exchange: When sufficient forcing re- 
sistance is applied to reduce T to the order 
of one-half cycle, the control-circuit re- 
sistance can no longer be called small; 
therefore, the preceding conclusion should 
not be expected to hold accurately for 
such small time constants. There is, of 
course, an upper limit for the power gain, 
which is attained by eliminating the fore- 
ing resistor. 

If one set of power gain K, and its 
attendant time constant T is known, 
other sets can be easily deduced within 
the above limits. By relating the power 
gain to an arbitrary time constant of one 
cycle, the performance of the saturable 
reactor can be described by a single quan- 
tity K,’ instead of a set of two quantities 
K, and T. This single quantity K,’ is 
called the relative power gain and follows 
by definition: 

Kp 
Ky! = rT =A4k/? per cycle (47) 

Except for the form ky which varies 
from 1.11 to 1.5, see Figure 5, the relative 
power gain K,’ is a constant. This con- 
clusion is of the utmost importance. It 
indicates that all series-connected satura- 
ble reactors with control source of low im- 
pedance have the same relative power 
gain, no matter what their size, core ma- 


‘terial, and other specifications. It follows 


that power gain and time constant can be 
calculated without knowledge of any de- 


Figure 15 (right), 
Elementary  cir- 
cuit diagram of a 
parallel con- 
nected saturable 

reactor me 
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1 
tails about the saturable reactor atid its 
load. 


Liffect of Line Voltage Fluctuations 


Suppose a saturable reactor is operating 
with constant control voltage By and 
constant load resistance R,. Now the line — 
voltage suddenly changes by an amount 
of AE volts average. The flux in the gores — 
cannot jump to take care of the new 
voltage, equation 24, and therefore the 
change AZ will be acting directly on the 
load resistance, producing a change of 
current Al/R,. With the passing of — 
time the core fluxes will adjust themselves 
exponentially to the new voltage, and the 
changes in load current and control cur- — 
rent will be wiped out with the time con- — 
stant T; 


Ea Ne AE t 
Iya 4 48 
i” itp Wee So 
and 

Eo AE Nz, £ 
F 0 = L “7 (49) . 


"Ro Re Ne. 
One recognizes that the saturable reac- — 
tor has lead-network properties.‘ It also 
is evident from equations 48 and 49 that 
line-voltage variations may cause large, 
although temporary changes in the cur- 
rents. Such current peaks are especially 
severe when the saturable reactor is sud- 
denly connected to the a-c supply, and 
may cause damage to instruments in — 
those circuits. 

The oscillograms, shown in Figures 9 
and 10 show the effects of line-voltage 


change. The line voltage is #=43.6 volts 


and has been suddenly increased in Iigure 
9 by AH=6.8 volts. The upper trace is a 
timing wave, the center trace is the load 


(AG) r 


AIEE TRANSACTIONS — 


Lv 
3) 


current #; and the lowest trace is the con- 
trol current #&. Conversely, Figure 10 


| shows an oscillogram where the line volt- 


age is suddenly reduced by 6.8 volts, 
The average value (per half cycle) of the 
control current is determined experi- 
mentally and the ratio At/ AJ is plotted on 
semilog paper in Figure 11; AJ is the 
maximumycurrent change due to AZ, and 
Aj is the current change which will occur 
“until steady-state conditions are obtained. 
These current ratios are plotted in Figure 
‘11 for rise (dots) and fall (crosses), and 
the time constant Tis obtained as T= 
2.52 cycles. The calculated time con- 
stant follows from equation 40; for 
Ne=400,' Re=15.6 ohms, N;,=592, 
R,=350 ohms, one obtained T= 2.56 
cycles which is in good agreement to the 
measured value. 


Effect of Change of Load Resistance 


The saturable reactor is connected to a 
constant line voltage and constant con- 
trol voltage. Then the load resistance is 
suddenly increased by R,. Because the 
core fluxes cannot suddenly jump to meet 
the new load resistance, equation 24, the 
voltage across the load resistance will re- 


main the same at the instant of change 


and therefore the load current will sud- 
denly change by its amount prior to the 


change times —AR,/R,+AR;;: 


} 
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BeBe (2%) oo 


Ro Ni \ Rit AR: 


This change will decline exponentially 
with the time constant 7: 


t 
Ady, = Aly,me"? (51) 
The load current becomes: 
Eo ze/ ARy, t 
ee 8 (pt 82 
Beare Na\ Rita, = 
and 
Eo ARL Zs 
ma (1 -——_—ee 53 
a al (: RipAR* ") Sal 


The oscillograms in Figures 12 and 13 
show the effect of resistance change, In 
Figure 12 the load resistance is increased 
from 350 ohims to 692 ohms, and in igure 
18 the load resistance is reduced from 692 
ohms to 850 ohms. ‘The time constants 
now are different for resistance rise and 
fall, because the amount of load resistance 
controls T according to equation 11, The 
current ratios are again plotted on semilog 
paper (Figure 14) and two lines are now 
the result. With /¢=28 milliamperes, 
- Ne=400, Re=15.6 ohms NV, =592 and 
 R,=692 ohms, the time constant be- 

comes, equation 88, 7=5,1 cycles; the 
measured value is 4.95 eyeles, For reduc. 


tion of load resistance from 692 ohms to 
350 ohms, the calculated time constant is 
2.52 cycles and the measured value 2.5 
cycles, 

It is important to note that the current- 
limiting function of the saturable reactor 
takes effect with a time delay, as expressed 
by the time constant 7. While the satu- 
rable reactor is a current-limiting device 
for comparatively slow changes of load re- 
sistance, a sudden reduction of load re- 
sistance, for instance a short circuit, will 
cause high transient currents. 


ConrTROL CrrcurT RESISTANCE HIGH 


By increasing Re’ to the order of R,, the 
load-current wave shape becomes trape- 
zoidal, Further increases of Re’ will 
cause the current wave shape to approach 
a rectangular form, The latter becomes 
quite pronounced for Re’ = 100 R; whence 
the control-circuit resistance is termed 
“comparatively high.” 

Obviously the mode of operation is dif- 
ferent from the case with low control- 
circuit resistance and therefore the pre- 
vious equations cannot be applied. W°th- 
out going into the theory of the high 
resistance case,® high speed of response 
can be expected. In fact, load current 
and control current follow changes of the 
control voltage nearly instantaneously. 

Saturable reactors used for the measure- 
ment of large direct currents fall in this 
category. 


The Parallel-Connected Saturable 
Reactor 


This circuit is shown in Figure 15. In 
contrast to the series-connected satu able 
reactor, only one half of the load current 
flows through each load winding of the 
parallel-connected reactor, Based on the 
same load current, the load ampere-turns 
of the parallel-connected saturable reactor 
are therefore only half as large. Denoting 
the number of turns of each load winding 
of the parallel-connected saturable reactor 
by Ny,» all steady-state formulas in the 
section on The Series-Connected Satur- 
able Reactor become applicable to the 
parallel-connected case when Ny, is substi- 
tuted by Ny; »/2. 


Ni=Ny,p/2 (54) 


When dealing with transient response, 
attention must be given to the fact that 
any change of flux A(d4-d,) is not only 
interlinked with the control circuit as in 
the series-connected case, but also inter- 
linked with a second loop, formed by the 
load windings. As seen from the cores, 
two parallel circuits now are interlinked 
with the changing flux A(d@4++dp). The 
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resistance Rg of the control circuit ap- 
pears now in parallel with the resistance 
of the load windings R; 4, Rp,3, when re- 


ferred to the control winding. The 
equivalent resistance R.¢ becomes: 

1 1 1 N?*;, 
Boia t te (55) 


= —-+— 
Ree Re Rr,atRr,p Ne? 


Substituting into equation 35: 


ie Nz, »* 
RiatRrse Ne® 


tie ds (56) 
Vit seconds 
From equations (36) (54) 


1 1 4 
T=— R, (—+— -) seconds (57 
he Car aecsa, seinecdnein ci 


or 


=) cycles (58) 


Next the increase of the time constant 
over the series-connected case will be 
evaluated when no forcing resistor is 
used. For equal winding space, space 
factor, and wire material: 


R R Nyyp? 
aed oe ee (59) 
Re/2 Re/2 Ne? 


and 


i.e 4 ; 1 Neo? a 
RratRrp Re Nr p* Re’ 


(60) 


One arrives at the following important 
conclusion: When no forcing is applied, 
the time constant of the parallel-con- 
nected saturable reactor is twice the time 
constant of the series-connected saturable 
reactor. When forcing is applied, only the 
term 1/Ro’ will decrease, equation 58. 
Even if Re’ is made infinity, the time con- 
stant is reduced by only 50 per cent. The 
series-connected saturable reactor without 
forcing has the same speed of response as 
the parallel-connected one with infinite 
forcing. 

Even with Ro’ = o, the equivalent con- 
trol-circuit resistance referred to the load 
winding does not increase over R; 4+ 
Ry», equation 55, In practical applica- 
tions Ry a+Rz,x is only a small fraction 
of the load resistance R;. Therefore, no 
matter how large the actual control- 
circuit resistance is, the parallel-con- 
nected saturable reactor operates in 
steady state similarly to the series-con- 
nected saturable reactor with low control- 
circuit resistance. 


Nomenclature 


B=flux density, gauss 
By=saturation flux density, gauss 
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e=line voltage, instantaneous value, volts 

E=line voltage, rectified average, volts 

Em=line voltage, crest value, volts 

E;,.=no-load saturation voltage, rectified 
average, volts 

AE=step function change of £, rectified 
average, volts 

Ec=control voltage, average, volts 

1,4, €t.B = Voltage across load winding A or 
B respectively, instantaneous value, 
volts 

f=line frequency, cycles per second 

F,4, Fg=magnetomotive force in core A or 
B respectively, gilberts 

H=magnetic intensity, oersted 

H;=magnetic intensity at which saturation 
“flux density occurs, oersted 

ic =control current, instantaneous value, 
amperes 

Ic =control current, average, amperes 

Al¢,m=Maximum change of control cur- 
rent, average, amperes 

t,=load current, instantaneous value, am- 
peres 

JI, =Iload current, rectified average, amperes 

It,m=maximum load current, rectified 
average, amperes 

Iz, es =load current, rms, amperes 

Al, =change of load current, rectified aver- 
age, amperes 

Ali,m=Mmaximum change of load current, 
rectified average, amperes 

iL,A, 1L,8=current in load winding A or B 
respectively, instantaneous value, 
amperes 

Ai=change of current necessary to reach 


final steady-state condition, rectified 
average, amperes 

AI=change of current between start and 
end of transient, rectified average, 
amperes 

K,.=voltage gain 

ky=form factor 

Kp=power gain 

K,’=relative power gain, per cycle 

L=inductance, henrys 

Le=apparent inductance of complete con- 
trol circuit, henrys 

Ne =number of turns of one control wind- 
ing 

N,=number of turns of one load winding of 
the series-connected saturable reac- 
tor 

Nz,.p =number of turns of one load winding 
of the parallel-connected saturable 
reactor 

R,=load circuit resistance, ohms 

ARz,=sudden change in load-circuit resist- 
ance, ohms 

Rc'=Rc referred to load winding, ohms 

t=time, seconds or cycles 

T =time constant, seconds or cycles 

a=angle of retard, degrees or radians 

e=base of natural logarithm, 2.71828 

@=electrical angle, degrees or radians 

w=differential permeability of core ma- 
terial, gauss/oersted 

aw =3.14159 

a, 6s =core flux in core A or B respectively, 
instantaneous value, maxwells 

$a 4,Pa,5 = flux change in core A or B respec- 
tively, instantaneous value, maxwells 

a m=maximum flux change, maxwells 


102 Storm—Transient Response of Saturable Reactors 


@,=saturation flux, maxwell o 
#, =core flux in core A at @=0, maxwells 
w =angular velocity of 0, radians per second 


References 


1. MATHEMATICAL ANALYSIS OF NON-LINEAR 
Circuits, A. Boyajian. General Electric Review 
(Schenectady, N. Y.), 1931, pages 531-87, 745-81. 


2. SERIES-CONNECTED SATURABLE REACTOR WITH 
ConTRoL Source OF COMPARATIVELY Low Im- 
PEepDANCE, H. F. Storm. AJEE Transactions, 
volume 69, part II, 1950, pages 756-65. ee 


3. Evectric Crrcurrs, Staff, Massachusetts In- 
stitute of Technology. John Wiley and Sons, Inc., 
New York, N. Y., 1944, page 165. 


4. PRINCIPLES OF SERVOMECHANISMS, A. S. Brown, 
D. P. Campbell. John Wiley and Sons, Inc., New 
York, N. Y., 1948, page 217. 


5. SERreS-CONNECTED SATURABLE REACTOR WITH 
CONTROL SOURCE OF COMPARATIVELY HiGH Im- 
PEDANCE, H. F. Storm. AIEE Transactions, 
volume 69, part II, 1950, pages 1299-1309. 


6. UNIVERSAL CURVES FOR D-C CONTROLLABLE 
Reactors, W. C. Johnson, B. C. Merrell, R. E. 
Alley, Jr. AIEE Transactions, volume 68, part I, 
1949, pages 31-39. 


7. AN ANALYSIS OF TRANSIENTS IN MAGNETIC 
AmpuiFierS, D, W. VerPlanck, L. A. Finzi, D. C. 
Beaumariage. AIJEE Transactions, volume 69, 
part I, 1950, pages 498-503. 


8. Macnetic Ampririers, A. G. Milnes. Pro- 
ceedings, Institution of Electrical Engineers (Lon- 
don, England), June 1949, Vol. 96, part II, p. 329- 
338. ; 


9. A THEORETICAL AND EXPERIMENTAL STUDY 
OF THE SERIES-CONNECTED MAGNETIC AMPLIFIER, 
H. M. Gale, P. D. Atkinson. Proceedings, Institu- 
tion of Electrical Engineers (London, England), 
volume 96, part II, June 1949, pages 349-54. 


No Discussion 


AIEE TRANSACTIONS 


ea 


Neutral Inversion of a Single Potential 


Transformer Connected Line-to-Ground 


on an Isolated Delta System 


LYLE L. GLEASON 


ASSOCIATE AIEE 


HIS paper deals with the voltage 

conditions and circuit characteristics 
accompanying the application of a single 
potential transformer connected line-to- 
ground on a 3-phase system that may 
become temporarily ungrounded. 

The abnormal voltages of this circuit 
produced sustained voltages to ground 
in excess of field insulation test voltages. 
These voltages accompanied by the shift 
of the neutral completely outside the 
delta are limited only by the line-to- 
ground impedances. Circuits most sub- 
ject to neutral inversion are those with the 
maximum capacitance impedance phase- 
to-ground. These maximum  imped- 
ances, as determined by test for the cir- 
cuits involved, range from 1.15 to 1.5 
megohms. The combination of the 
normal impedance and excitation im- 
pedance of certain potential transformers 
produces an impedance which will cause 
these abnormal voltages. The potential 
transformer impedance is the element 
that may be controlled, and can be by 
specification for new transformers, and 
to some extent by capacitor secondary 
burden on existing potential transform- 
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ers. The methods developed for pre- 
dicting the probability and magnitude of 
neutral inversion indicate, that for the 
above normal capacitive impedance line- 
to-ground, the excitation impedance must 
be +7 3 to 4 megohms at normal potential 
and not less than 1 megohm at 200 per 
cent of normal. 

The specification of potential trans- 
former excitation impedance is not gen- 
erally practiced, but for this type of in- 
stallation it will be essential to specify 
the excitation impedance limits. 

Oscillograms of voltages and currents 
for actual circuits intentionally isolated 
from the grounded system for test pur- 
poses substantiate the results of the curves 
and calculations. 


History 


The circuit discussed here stems from a 
method of relaying for ground faults on 
the subtransmission at a primary net- 
work distribution substation. The dis- 
tribution substation transformation is 
26-kv delta to 4.3 kv Y. The subtrans- 
mission is a grounded system with the 
ground maintained and stabilized at the 
receiving substations. With certain cir- 
cuit arrangements the distribution sub- 
station may become isolated from the 
grounded 26-kv system. The potential 
transformer is thereby connected line-to- 
ground on an isolated 26-kv delta system 
energized from the primary network. 

The study and tests discussed in this 
paper followed an inadvertent isolation 
of the 26-kv delta primary of a distri- 
bution substation power transformer, 
while energized from the 4 ky, resulting 
in abnormal voltages and neutral shift. 
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Under test conditions, sustained voltages 
as high as 56-kv line-to-ground occurred. 
The severity of the insulation stresses 
imposed on the power transformer insula- 
tion is indicated by the recommended 
American Standards Association 1-minute 
60-cycle withstand voltage for field test- 
ing, (52-kv to ground). 

The problem of neutral shift, or, in 
some instances, complete neutral inver- 
sion of the potential on the potential 
transformer of this circuit is not theoret- 
ically complicated, but since the ex- 
citation impedance of a_ transformer 
varies with applied voltage, a simple 
analytical approach is not available. 
The author has evolved a graphical 
method by which it is possible to predict 
potential transformer performance using 
simple circuit constants and the mag- 
netization curve of the potential trans- 
former. Preventive methods have been 
explored and tested for use on existing 
transformers with satisfactory results on 
some types. 


Theory 


A delta system is one of the common 
3-phase systems used by electric utilities 
and differs from the Y system principally 
in not having a neutral as part of the sys- 
tem circuit. A delta system ungrounded 
by physical connection, has voltages from 
line-to-ground according to the imped- 
ances of line-to-ground capacitance cou- 
pling, leakage resistance, or other imped- 
ances as the potential transformer con- 
nection. Since the ground is the common 
point of the Y-connected impedances, it is 
taken as the neutral for the delta system. 
With normal equal impedances line-to- 
ground this neutral will have equal volt- 
age to all three lines. This is considered 
the normal neutral position, and any 
change of the neutral from the normal is 
neutral shift. 

The neutral shift has no limits other 
than the above requirements, and when 
it has shifted to a point such that the ref- 
erence line to neutral voltage is approxi- 
mately 180 degrees from its normal volt- 
age, the neutral hasinverted. (See Figure 
3.) 
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Figure 2 (right). Single-phase ungrounded with line-to-ground poten- Ex, INVERTED X= a 


tial transformer 


Circuir ANALOGY 


In the 3-phase circuit (Figure 3), the 
capacitive reactance line-to-ground is the 
same for each phase, and the inductive 
reactance on one phase is that of the 
potential transformer primary excitation 
and equivalent secondary burden. An 
analogy to single phase (Figures 1 and 2) 
with the mathematical expression for the 
voltage drop across the inductive react- 
ance or potential transformer impedance 


Figure 3. 


2 NORMAL NEUTRAL POSITION 


Zer = ~ je TO-jO 
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Isolated 3-phase delta with a single line-to-ground potential 
transformer 


aE. 
Ep = m§ TO OR LIMIT 0° 
3 QUADRANT | FIG. 4 
Zpy = +je TO +j> 40 
Epr = © OR LIMIT TO O 180° 


QUADRANT 4 FIG.4 
NEUTRAL INVERTED 


E 
Epr a 710) 0) Z0* 


QUADRANT 2 FIG. 4 


provides a simplified explanation of the 
problem of neutral inversion. 

Figure 1 is a single-phase circuit with 
an inductive reactance in series with a 
capacitive reactance. The impedance 
of this circuit, neglecting all resistance, 
will be either capacitive or inductive ex- 
cept at series resonance. Consequently, 
junction ‘‘A’’ will always be shifted out- 
side the applied voltage. The signifi- 
cance of this kind of a neutral shift is 
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that the voltage across the larger imped- 
ance, or the one that controls the current, 
will always be greater than the applied 
voltage to the circuit, and that the voltage 
across the smaller impedance will always 
be inverted with respect to the line volt- 
age. 

Figure 2 is a single-phase circuit simi- 
lar to Figure 1 except that a capacitive 


Figure 4. Neutral voltage characteristic curves 
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reactance equal to the series capacitive 
reactance is in parallel with the inductive 
reactance. This is exactly the condition 
of a line-to-ground potential transformer 
on a ungrounded single-phase circuit 
where the inductive reactance is the po- 
tential transformer primary impedance, 
and the capacitive reactances are that of 
the line4to-ground capacitance. This cir- 
cuit resolves into the simple series circuit 
when the parallel impedances are evalu- 
ated to an equivalent impedance. The 
equivalent impedance, characteristic of 
parallel inductive and capacitive react- 
ances, will always be greater than the 
smaller of either individual reactance and 
will have the complex notation of the 
smaller element. Hence it is evident that 
when the inductive reactance is smaller 
than the capacitive reactance, the circuit 
will be equivalent to that of Figure 1. As 
the equivalent inductive reactance varies 
from infinity to a lesser value a condition 
of series resonance will occur, and there 
will be a complete inversion of the voltage 
across the inductance to ground in pass- 
ing through this resonance point. This 
inversion occurs when the inductive re- 
actance is less than one-half the capaci- 
tive reactance. 

The equations for the voltage across 
the inductive element of Figures 1, 2, and 
3 are as follows: 


For Figure 1 
jane 
Ey =— 
ie, 4 
+jX1 (1) 
For Figure 2 
E\.- 
Ex, =—_— 
~I*e , 
AIL (2) 
For Figure 3 
_ 1.782E)\-» 
PT 200 4 4 
Zr KK (3) 
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A comparison of the three equations 
shows that they are all similar and for the 
condition that Zo¢g = 0 — jx and Zp7 = 
0 + jX Ex, or Epr is easily evaluated. 
For the circuit of Figure 3 as Zpp de- 
creases from + infinity to a value equal 
to Zeo, Epr will have no phase shift 
and will change from normal to 11/; 
times normal (sce Figure 4). As Zpr 
decreases further to a value of 1/3 Zoo 
Ep7 will change from 11/2 times normal to 
infinity (quadrant 1). It is not possible 
to reach infinity in this phenomenon be- 
cause of a limiting condition imposed by 
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the variable inductive reactance of the 
potential transformer excitation imped- 
ance. Continuing on with a reduction of 
Zpr, Epr will decrease from infinity to 
zero, but, with pure reactances, will have 
a 180-degree phase shift or neutral inver- 
sion. Any further decrease of Zpyp re- 
sults in a —j value for which Ep, will be 
in phase and will vary from zero to nor- 
mal as Zpr varies from —jO to —7 in- 
finity. Figure 4 is plotted from equation 
3 with Zeo and E; constant letting Zpr 
vary from —j infinity to + 7 infinity. 
The —j values are attained with a poten- 
tial transformer by the addition of ca- 
pacitor secondary burden. 
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Figure 5. Potential transformer magnetization 
curves 


It is possible to set up in a laboratory 
any or all of Figures 1, 2, and 3 with 
known values of circuit elements, but in 
actual practice the only values readily 
obtained are the line voltage and the in- 
dicated value of Epp (voltage drop line- 
to-ground across the potential trans- 
former). By having the two voltage 
values, the use of equation 3 readily per- 
mits the ratio of Zgo/Zpr to be deter- 
mined, Since this ratio occurs in all of 
the equations, practically all of the pre- 
vious articles about this subject have dis- 
cussed the phenomenon on the basis of 
zones of instability as determined by the 
ratio Xceo0/Xm, Xm being the magnetizing 
impedance of the potential transformer. 
Since an installation having neutral in- 
version in the zone where Zeo/Zm is 
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Table | 


Station Transformer Zco 


A....3,000 kva 3¢, design 1. .—j 1.5 10° ohms 
B....3,000 kva 3¢, design 2. .—j 1.2 X 108 ohms 
C....3,000 kva 3, design 1. .—y 1.5108 ohms 
D...6,000 kva 34, design 3. .—7 1.15 X 10° ohms 


Note: The station code letter is chosen to conform 
to the curve designation on Figure 5. 


greater than —3 has occurred, it has been 
necessary that the condition permitting 
such a phenomenon be determined and 
corrected. 


Crrcuir CONSTANTS 


The value of Zgo is the line-to-ground 
coupling capacitive reactance of the iso- 
lated delta circuit. Zeo is a maximum 
when the circuit consists of only the dis- 
tribution substation transformer high- 
voltage winding. The values given in 
Table I are determined by test and have: 
considerable difference between equiva- 
lent transformers of a different design 
and the same manufacturer. 

The capacitance of the power trans- 
formers, which is distributed throughout 
the winding, was determined by test. 
Equation 3 was used to evaluate Zeo. 
The procedure used is as follows: 


1. Obtain magnetization curve of the po- 
tential transformer. 


2. Plot the excitation impedance (X») 
from the magnetization curve (neglecting 
harmonics). 


8. Select a capacitor rated for the potential 
transformer secondary voltage which will 
give an equivalent primary capacitive react- 
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Figure 7 (above). 


Figure 9 (right). 


Figure 8 (below), 


Combined excitation and burden of potential 
transformer on primary (40-microfarad capacitor secondary burden) 
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Graphical solution of neutral stability points with 
capacitor secondary burden 


Graphical solution of neutral stability points. No 
secondary burden 


cco 


Figure 10 (below). Graphical solution of neutral stability points with 


resistance secondary burden 
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Figure 11(A). Oscillogram a of transformer D on an isolated 


delta at station D 


Oscillogram a—no secondary burden. Trace 1—black light 


Figure 11(B). 


=346V. 


OSCILLOGRAM 
—a- 


Oscillogram b of transformer D on an isolated 
delta at station D 


Oscillogram b—260 watts of 125-volt lamps secondary 


synchronizing connection of isolated neutral potential and burden. Trace 1—black light synchronizing connection of 


normal potential. Trace 2—isolated neutral potential. Trace 
“a’''—isolated neutral potential 
Potential transformer ratio 127:1 


3—normal neutral potential. 
phase shift. 


ance of about one-half the value of the 
maximum Xp. 


4. Connect the potential transformer with 
its burden line-to-ground on the isolated 
delta which is being studied and read the 
delta line voltage E, and the potential 
transformer voltage Epr. 


5. Pick X» from the excitation curve in 
accordance with Epr and calculate Zpr. 


6. This supplies all the information neces- 
sary to calculate Zco. 


In some of our tests several values of 
capacitor burdens were used, but 100 
microfarads was suitable. The object of 
the capacitor burden is to obtain most 
accurate results by forcing the equivalent 
Zpr to a capacitive value sufficiently low 
to hold Epy well below the knee of the 
magnetization curve where the excitation 


impedance X,, is most nearly a linear in- 
ductive reactance. 

A section of the 26-kv line was isolated 
with the transformer and tested in the 
same manner. The coupling capacitance 
to ground per mile per phase as deter- 
mined by this method is 0.00085 micro- 
farad. 

Since the coupling capacitance to 
ground is dependent on the length of iso- 
lated circuit, there is little that can be 
done with it to prevent this phenomenon, 
except, of course, the possibility of in- 
stalling 15-kva of Y-connected neutral 
grounded capacitors on the bank primary. 
Since the larger the Zceo the more sus- 
ceptible the circuit is to neutral inversion, 
it is considered sufficient to know the 
value of Zo for the minimum amount of 


isolated neutral potential and normal potential. Trace 2— 
isolated neutral potential. Trace 3—normal neutral potential. 
“a''—isolated 


neutral potential phase shift. Potential 


transformer ratio 127:1 


' 


circuit capable of being isolated. In most 
instances it consists of the power trans- 
former only. 

Therefore, since Zgg cannot be modi- 
fied, the remaining element of Figure 3 
which can effect the phenomenon is 
Zpr. Figure 5 shows a wide variation in 
the magnetization curves of potential 
transformers bought for the same service. 
Part of this variation is a result of seem- 
ingly minor changes in the specification for 
transformers. The principal factors 
which may have had considerable effect 
on these magnetization curves are as 
follows: 


Transformer A. Specified and manu- 
factured for full line-to-line 26,000-volt 
primary. 


Figure 11(C) (below). Oscillogram c of transformer D on 
an isolated delta at station D 


Oscillogram c—400 watts of 125-volt lamps secondary bur- 

den. Trace 1—black light synchronizing connection of iso- 

lated neutral potential and normal potential. Trace 2—iso- 

lated neutral potential. Trace 3—normal neutral potential. 

“a'’ — isolated neutral potential phase shift. Potential trans- 
former ratio 127:1 


OSCILLOGRAM 
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Figure 12 (below). Oscillogram of transformer A on an iso- 
lated delta at Station A 


No potential transformer secondary burden. Trace 1—refer- 

ence potential from 4.3-kv bus. (Equivalent ratio to 26-kv 

line to neutral 117.8:1.) Trace 2—isolated neutral potential 

(potential transformer ratio 290:1). Trace 3—isolated neu- 
tral potential transformer excitation current 
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Figure 13(A) (above). 


Oscillogram a—no secondary burden. 


Transformer B. Specified and manu- 
factured for 15,000-volts primary and 
capable of standing 1.73 times normal 
voltage. 


Transformer C. Specified for 26,000 
volts but manufactured for 15,000 volts 
and to stand 1.73 times normal voltage. 


Transformer D. Specified for 15,000 
volts and manufactured for 15,000 volts. 


Figure 6 excitation impedance shows 
that the impedance is variable with ap- 
plied voltage. The impedance is used as 
all inductive reactance, but the inversion 
phase shift indicates that at about 30-kv 
the impedance of the C transformer is in 
the vicinity (0.33 + 7 0.358) 10° ohms, 
Even with the assumption that all of the 
excitation impedance was reactance, an 
equation for the curve cannot be written. 
Since the curve of equation 3 and the ex- 
citation impedance curve have the same 
variables, a graphical solution can be 
made to determine the simultaneous value 
of Epr and Zpr. Figures 8, 9, and 10 
consist of graphs of the two sets of curves. 
Curves 1, 2, and 3 are neutral voltage 
characteristic curves calculated from 
equation 3 and plotted with Ep , the de- 
pendent variable, and Zp7, the inde- 
pendent variable. Curves A, B, C, D 
are plotted excitation impedance curves, 
with Zpry the dependent variable and 
Ep, the independent variable. The in- 
tersection of these two curves constitute 
a particular solution and will be a sta- 
bility point for the voltage phenomenon. 


NEUTRAL SHIFT CHARACTERISTICS 


Figure 8 is constructed to indicate the 
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OSCILLOGRAM 


Trace 1—reference 

potential from 4.3-kv bus. (Equivalent ratio to 26-ky line 

to neutral 115.6:1.) Trace Q2—isolated neutral potential 

(potential transformer ratio 127:1.) Trace 3—isolated neu- 
tral potential transformer excitation current 
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Oscillogram a of transformer B on an 
isolated delta at station B 


Figure 13(B) (above). 


Oscillogram b of transformer B on 
an isolated delta at station B 


Oscillogram b—no secondary burden. Isolated delta bank 


wide variation between potential trans- 
formers with respect to neutral inversion. 
Actual test points are indicated, but it 
must be pointed out that the curves are 
made for full 26-kv line voltage and the 
conditions for most of the tests were such 
that the actual line voltage was in the 
order of 23 kv. This drop in voltage has 
the effect of preventing inversion. The 
stability points on this sheet for trans- 
formers C and D have inverted neutral 
at all times. Transformer B has two sta- 
bility points on curve 2 of Figure 8, one in 
the first quadrant in-phase with a higher 
than normal Epr voltage and one in- 
verted. Transformer A has only one 
stability point which is always in-phase 
and slightly higher than normal Ep,y volt- 
age. Magnetization curves have been 
checked for a 26-kv potential transformer 
that showed far better characteristics 
than A, but it was designed for a line-to- 
line 26-ky connection. 


Transformer B indicates three stability 
points on curve number 3 of Figure 8 
which consists of two in-phase in quad- 
rant 1 greater than normal Ep,r voltage, 
and one in quadrant 4 with inverted neu- 
tral. The point the neutral will stabilize 
is dependent on the degree of saturation 
of the potential transformer core at the 
time of isolation of the delta. That is, if 
the transformer has an excitation current 
due to a transient condition greater than 
that of any potential stability point on 
the curves of quadrant 1, neutral inver- 
sion will occur. Hence, Figure 8 provides 
sufficient information to permit the 
specification of the potential transformer 
excitation impedance such that neutral 
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plus 3.75 miles of 26-kv line. 
tial from 4.3-kv bus. 
neutral 115.6:1.) Trace 2—isolated neutral potential (po- 
tential transformer ratio 127:1). 

potential transformer excitation current 


Trace 1—reference poten- 
(Equivalent ratio to 26-kv line to 


Trace 3—isolated neutral 


inversion will not occur. The first re- 
quirement of the specification is that the 
excitation impedance be large enough at 
normal line to neutral voltage such that 
the impedance curves “dAG) seco 
and so forth, intersect the neutral voltage 
characteristic curve 1 at not greater than 
120 per cent of normal voltage. The sec- 
ond requirement is that the impedance 
curve will not recross the voltage charac- 
teristic curve below 200 per cent of nom- 
inal line-to-neutral voltage. The second 
requirement is predicted on the premise 
that 200 per cent is beyond the limit of 
the core saturation of the transient in- 
rush excitation current. Transformer A 
satisfies both of these requirements. 


BURDEN APPLICATION 


The use of potential transformer second- 
ary burdens has been recommended in 
previous articles on neutral instability. 
As pointed out, these articles discussed 
the Y-connection or 3-phase bank. For 
the Y connection a proper resistance 
burden on all 3-phases will stabilize the 
neutral. With the single potential trans- 
former any burden applied will enter into 
Zpr of equation 3 in combination with 
the excitation impedance to give the 
equivalent primary impedance Zpr. 
Figure 7 shows the equivalent primary 
impedance Zpr with a secondary burden 
of 40 microfarads for the three transform- 
ers of Figure 5 that had neutral inversion. 
Forty microfarads is not the best choice 
for each transformer but it is the best for 


transformer C. A comparison of the ‘‘C” . 


curve on Figure 4 will show that trans- 
former C with 40 microfarads satisfies 
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the requirements stated above for excita- 
tion characteristics. Curve ‘‘B”’ of Figure 
7 is free of neutral inversion but has its 
stability point in the second quadrant of 
Figure 4 for which Ep7 is in phase and 
about 80 per cent of normal. This under 
voltage can be had only by the applica- 
tion of a capacitor burden with equivalent 
primary, reactance less than the excita- 
tion reactance at normal voltage. 

Figure 9 shows a family of Zp7 imped- 
ance curves made for transformer D. 
These curves are for capacitor burdens 
ranging from 60 to 180 microfarads. It 
is obvious from these curves that equiva- 
lent impedance by the use of capacitor 
burden cannot be obtained for this trans- 
former to satisfy the impedance require- 
ments. 

Figure 10 shows a family of Zpp im- 
pedance curves made for transformer D 
with secondary resistance burden. This 
set of curves required a complete voltage 
curve and a phase angle curve for each 
resistance burden; therefore, they apply 
only for the transformer being studied. 
One important item shown by this set is 
that the resistance will limit the voltage 
but with considerable phase shift. It is 
also evident that the transformer loss has 
an effect to hold the inverted neutral 
voltage below what it would have been 
on a pure reactance basis. 


Tests 


Three series of tests were made on ac- 
tual installations of single line-to-ground 
potential transformers. Each  trans- 
former discussed was tested in some man- 
ner for its inverting characteristics. 


Test number 1. Test number 1 con- 


Figure 14(A). 
delta of station C 


Oscillogram a—no secondary burden. 


potential from 4.3-kv bus. (Equivalent ratio to 26-kv line to 

neutral 117:1.) Trace 2—isolated neutral potential (po- 

tential transformer ratio 127:1). Trace 3—isolated neutral 
potential transformer excitation current 
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Oscillogram a of transformer C on an isolated 


Trace 1—reference 


sisted of isolating transformer D at station 
D. Isolation in this station was obtained 
by opening a circuit breaker on the distri- 
bution substation transformer primary. 
With this manner of isolation, the circuit 
received very little disturbance and con- 
sequently there was very little transient 
excitation current, but the Ze factor 
would be about its maximum for this 
station. The instruments used on test 
number 1 were voltmeter, oscilloscope, 
and synchroscope. Inversion could be 
checked, but the transient of inversion 
could not be observed. Test number 1 
made several isolations with combinations 
of capacitor burden applied varying from 
40 to 180 microfarads. An interesting 
note on this test with secondary burden is 
that the burden was first applied to the 
secondary after inversion without any 
results except to change the voltage mag- 
nitude. During the procedure of apply- 
ing the burden after inversion, one appli- 
cation was made with 140 microfarads 
that pulled the neutral out of inversion. 
The capacitors were then applied before 
isolation, 

Test number 1 may be summarized as 
follows: 


1, The neutral will not shift outside the 
delta if adequate capacitor secondary bur- 
den is applied before the delta is isolated. 


2. With the stabilized neutral the syn- 
chroscope reads in-phase with the normal 
potential. 


3. With the restrained position of the neu- 
tral the reference potential-to-ground will 
always be less than normal. 


4. If the neutral does shift outside the 
delta, the magnitude will be greater with 
capacitor burden than without. 


Test number 2. Test number 2 in- 


Figure 14(B). 


volved the making of several oscillograms 
of the same station and transformer as 
test number 1 with the application of re- 
sistance and inductive reactance burdens 
see Figures 11(A), 11(B), and 11(C). 

There are several things of interest that 
were exposed by the oscillograms: 


1. The voltage curve with neutral inversion 
has a very distorted wave. This distortion 
is explained as regulation in the primary 
leakage reactance from the high excitation 
currents, and the attempt of the circuit to 
shift to quadrant 1 as X¢o is reduced by the 
higher harmonic current. 


2. The neutral shift does not occur in- 
stantly but requires about two cycles indi- 
cating that energy is involved. The tran- 
sient of the shift is affected by the voltage 
at the time of isolation. 


3. The phase shift of the line-to-neutral 
potential is shown to be about 120 degrees 
leading, which agrees with the calculated 
values. 


4. The maximum instantaneous values are 
not as high as would be calculated from the 
rms voltmeter readings. This is because of 
the depressed top of the wave. 


5. The inductive burden indicated, as cal- 
culated, that the inverted voltage would be 
reduced, see Figure 9, but inversion would 
occur, and could be forced to occur by the 
application of inductive burden. 


6. The resistance burden, Figure 11(C), 
under one condition prevented the neutral 
from shifting outside the delta but had some 
phase shift (80 degrees). This could not be 
duplicated which indicated that it was de- 
pendent on the point on the cycle that the 
phenomenon was initiated. This condition 
can only be accounted for by our study on 
the basis that a lamp burden has a varying 
resistance. This resistance varies such that 
it has its lowest value at its coldest portion 
of the cycle. It is probable that since the 
phenomena was initiated at a declining volt- 
age, the cold resistance could be in the 
vicinity of the resistance used on curve 3 of 


Oscillogram 6 of transformer C on an isolated 
delta of station C 


Oscillogram b—106-microfarad capacitor secondary burden. 
Trace 1—reference potential from 4.3-kv bus. 
ratio to 26-kyv line to neutral 117:1.) 
neutral potential (potential transformer ratio 127:1). 
3—isolated neutral potential transformer excitation current 


(Equivalent 
Trace 2—isolated 
Trace 
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Figure 10 and consequently give the results 
obtained on the oscillogram, see Figure 
TUCO) 


Test number 3. Test number 3 con- 
sisted of a series of tests on stations A, B, 
and C with their respective potential 
transformers A, B, and C. 

These tests were made by isolation of 
the primary of the distribution substation 
power transformer with the potential 
transformer connected as Figure 3. The 
power transformer and the isolated delta 
were energized by closing the bank sec- 
ondary circuit breaker. The circuit was 
set up so that the isolated circuit would 
be energized for 6 to 10 cycles. Thirty 
oscillograms were made, some without 
secondary burden, some with 106 micro- 
farad secondary burden, and some with 
26-kv line isolated with the transformer. 

The results of these tests are as follows: 


1. Station A potential transformer A, 
Figure 12, (15 oscillograms were taken of 
this station). 


a. There were no inversions. 

b. The potential shifted slightly in 
quadrant 1 of Figure 8 to a value 113 per 
cent of normal. 

c. The excitation current showed very 
little transient. 

d. There was a definite superimposed 
frequency on some of the shots which died 
out after a few cycles. This frequency is a 
natural frequency of the potential trans- 
former excitation inductance and capaci- 
tance of the circuit. 


2. Station B potential transformer B, 
Figures 13(A) and 13(B) (5 shots were made 
on this station). 


a. According to Figure 8, characteristic 
curve 2, it would be possible to obtain two 
stability points. This was substantiated in 
the first two shots. Figure 13(A) has neu- 
tral inversion. 

b. The excitation current maintained at 
about 20 times normal. 

c. The Epr stabilized at about 26-kv 
rms to ground with the characteristic 120 
to 150 degrees phase shift leading. 

d. This inversion gave approximately 
52-kv line-to-ground voltage on phase 2. 
(See Figure 3.) 


e. The superimposed frequency men- 
tioned is evident on the energy oscillation 
after the isolated circuit was cleared by the 
opening of the secondary circuit breaker. 
The variation in the amplitude of the inver- 
sion transient is probably a result of the 
same natural frequency. 

f. Station B stabilized on shot 1 at about 
130 per cent of normal voltage in quadrant 
1 of Figure 8. (Oscillogram is not included. ) 

g. Figure 13(B) has 3.75 miles of 26-kv 
line isolated with the transformer. The Epr 
voltage stabilized on curve 3, quadrant 1, 
Figure 8. 

h. With the 106-microfarad capacitor 
Epr stabilized in quadrant 2 at 55 per cent 
of normal Epr. (Oscillogram is not in- 
cluded.) 


3. Station C potential transformer C, 
Figure 14(A) and 14(B). (Five oscillograms 
were taken of this station. ) 


““e 


a. Figure 14(A), oscillogram ‘‘a,’’ has 
neutral inversion with Epr equal to 30-kv 
rms sustained voltage. 

b. The sustained voltage to ground of 
phase 2, Figure 3, is 56 kv. 

c. The primary excitation current is 
0.084 ampere, about three times normal but 
less than that of transformer B when in- 
verted. 

d. The inverted Epr voltage was not as 
distorted as the inverted Epr of transformers 
Band D. 

e. Figure 14(B) is an oscillogram of an 
isolation with the 106-microfarad secondary 
burden. The transformer stabilized at 60 
per cent of normal voltage. (See quadrant 
2, Figure 8.) 

f. A high-frequency transient oscillation 
of about 900 cycles was superimposed on the 
excitation current and Epr of Figure 14(B). 
This is explained as a natural frequency 
within the circuit which has not been defi- 
nitely identified. It was characteristic of all 
stations tested. 


Conclusion 


This study of neutral inversion is one 
of necessity because the phenomenon has 
occurred and with the extensive applica- 
tion of primary network distribution the 
probability of isolation of a 3-phase sys- 
tem from ground with the circuits de- 
scribed is increasing. The study and 
tests were made with the object of deter- 


mining the nature of the phenomenon as 
well as a cure. ; 

The results of the study with regards to 
the method of determining the inversion 
characteristics has been substantiated by 
tests. Three of the four transformers 
tested inverted their neutral under test. 

It is evident that the industry has not 
been aware of the excitation impedance 
requirements for the single transformer. 
Transformers B and C are in accordance 
with the 1948 standards of the American 
Standards Association and other pub- 
lished information regarding Y primary 
grounded neutral application. Since the 
present design is not always satisfactory, 
potential transformers for the installa- 
tion of this paper must have specification 
of minimum limits on the excitation im- 
pedance. 

Secondary burden application to com- 
pensate existing transformers for low 
excitation impedance is a cure for neutral 
inversion if the impedance is 50 per cent 
or better of the required excitation 
minimum at 200 per cent of rated phase- 
to-ground voltage. 
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Discussion 


Louis F. Ferri (Commonwealth Associates, 
Inc., Jackson, Mich.): Though the phe- 
nomenon of neutral inversion has been 
treated in the past by several authors and 
the theoretical basis has been expounded in 
great detail, it still represents a problem 
when it is faced by operating engineers. 
The author of this paper is to be com- 
mended for the clear presentation of the 
basic theory and its application to a 
specific case. 

The use of three single-phase Y-connected 
potential transformers is quite common to 
provide polarizing potential for directional 
ground relays. It also is general practice to 
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select transformers designed for full line-to- 
line voltage. The curves presented by the 
author indicate that the probability of com- 
plete neutral inversion is very remote when 
full line-to-line-rated potential transformers 
are used even with no resistance burden in 
the secondary winding. 

The economy of the lower-voltage-rated 
potential transformer, however, points to its 
application particularly in the higher voltage 
classes. In most cases proper selection of 
the resistance burden in the secondary 
winding prevents neutral inversion when 
the reduced-voltage-rated potential trans- 
formers are used. 

The application of single-phase potential 
transformer connected between phase and 
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neutral is not as common as the 3-phase 
arrangement mentioned previously, except 
where voltage reclosing or synchronizing 
check relays are used. In such cases the 
economic advantage of the line-to-neutral- 
rated potential transformer over the full- 
voltage-rated transformer is not as great, as 
it involves only one transformer at each 
station. It is possible, however, that in the 
future this advantage may have to be con- 
sidered, provided that the cost of preventive 
measures to protect against possible neutral 
inversion and subsequent failure of the 
potential transformer will not offset the 
possible saving. For instance, the cost of 
the 15-kva capacitor on the primary side, as 
suggested by the author, might be equal to 
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the saving in the potential transformer 
selected. 

The use of capacity burden should be ex- 
amined carefully, as it may have an effect 
opposite from that desired. If improperly 
selected, it will bring about neutral inver- 
sion rather than prevent it. 

The use of resistance burden in the case of 
single-phase application, as the author 
pointed out, might cause the phase shift be- 
tween the, normal neutral potential and the 
isolated neutral potential, and this phase 
shift might make impossible the proper 
operation of the synchronizing check relays. 

It would be of interest to know whether the 
author had any experience with the opera- 
tion of synchronizing check relays using 
potential transformers connected between 
line and neutral on systems where the system 
ground may be removed temporarily. 


E. C. Wentz (Westinghouse Electric Cor- 
poration, Sharon, Pa.): The demonstration 
and prediction of neutral inversion is of 
great interest. One thing it demonstrates in 
addition is that measurement of line-to- 
ground voltage on a system which is nearly 
isolated is quite meaningless, because the 
impedance of the measuring transformer 
determines what the voltage will be. 

Clearly, some means will have to be taken 
to prevent neutral inversion of these cases, 
but the author’s proposal that minimum 
exciting impedance be specified assumes 
that the transformers can be designed 
readily to have as much magnetizing im- 
pedance as may be desired; however, I be- 
lieve the manufacturers of potential trans- 
formers will in general regard this as a tre- 
mendous problem. 

It seems to me that the most straight- 
forward solution of this problem is the load- 
ing of the secondary winding with resist- 
ance, the same as common practice for Y- 
grounded primary winding, broken-delta 
secondary winding banks, as discussed in 
reference 5 of the paper. The fact that the 
resistor produces a phase shift is of no conse- 
quence, because, as we have seen, we are not 


1951, VotumeE 70 


trying to measure anything when the system 
neutral has been lost—we are only trying to 
protect the transformer and connected 
equipment. The losing of the system neu- 
tral is an accident, and it seems that an 
associated accident could lose more of the 
system so that the line-to-ground capaci- 
tance might be different from the assumed 
value. In this event the impedance of the 
voltage transformer as determined for the 
normal system might not be low enough and 
inversion would still occur, but if the trans- 
former were resistance-burden-loaded, in- 
version would be prevented. A number of 
circumstances can be imagined which would 
permit inversion if the magnetizing im- 
pedance were fixed, with no resistance load 
provided, but a resistance loading can be 
determined which will stabilize the neutral 
to a reasonable extent regardless of system 
connections. In addition resistors are 
cheap, reliable, and readily available. 


Lyle L. Gleason: The discussions were very 
much appreciated, because the subject deal- 
ing with a single potential transformer did 
not have any substantiating reference ma- 
terial. The authors of the discussions ob- 
viously are familiar with the 3-phase Y- 
broken-delta or Y-Y potential transformer 
installation, but I do not believe they have 
taken into consideration the difference be- 
tween the 3-phase installation and the single- 
phase potential transformer. 

The 3-phase installation when producing 
abnormal voltages has an unstable neutral, 
but the single-phase installation produces 
principally a shifted neutral. In either con- 
dition a stabilized neutral at the normal 
neutral position is desired. With the 3- 
phase bank Y primary winding, the re- 
sistance burden is a means of reducing the 
zero-sequence impedance to stabilize the 
neutral at the normal. For the broken- 
delta secondary winding the stabilizing is 
accomplished by closing the delta partially 
in the same manner that a delta tertiary 
functions on a Y-Y power bank. For the 
broken-delta the resistance burden has cur- 
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rent flow only when the neutral has shifted; 
therefore, a low resistance may be used with 
normally no watts dissipation. With the 
single-potential transformer the addition of 
resistance burden merely tends to shift 
the neutral to the phase of the potential 
transformer connection, which, of course, 
under certain conditions will restrain the 
abnormal voltage on the power bank to a 
reasonable value. The resistance used by 
the author, which gave reasonable results, 
was 500 watts burden dissipating heat at all 
times. 

Since the means of reducing the zero- 
sequence impedance was not available for 
the single potential transformer, a means of 
reducing the neutral shifting admittance 
was attacked. The specifying of adequate 
excitation impedance does just that, and also 
the application of capacitor secondary wind- 
ing burden functions to reduce the neutral 
shifting inductive admittance. An esti- 
mated cost for the capacitor secondary 
winding burden is about two per cent of the 
cost of a 34.5-kv insulated potential trans- 
former. The capacitor must be purchased 
for twice the normal secondary winding 
voltage, giving it a long life. 

The author does not share the fears that 
the capacitor may aggravate the neutral 
shift, because there are no continued ab- 
normal frequency conditions with the single- 
phase, as there are with the 3-phase poten- 
tial transformer. Also, with higher voltage 
potential transformers the charging current 
frequently is greater than the magnetizing 
current, making the excitation current lead- 
ing rather than lagging. 

It is quite common to hear the expression 
“buy transformers rated line-to-line voltage 
for use on line-to-neutral connection.”’ The 
American Standards Association specifically 
states that single-bushing potential trans- 
formers shall stand line-to-line voltage con- 
tinuously, but experience has shown that 
this does not necessarily provide adequate 
excitation impedance to prevent neutral in- 
version. The answer to the cost of specified 
minimum excitation impedance must come 
from the manufacturer. 
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N THE period following World War 

II we were faced with unexpected 
load increases on the system of American 
Gas and Electric Company resulting in 
high loading of the transmission and dis- 
tribution systems, including both lines 
and transformers. With the long-time 
delivery of equipment and material then 
existing, making it difficult to obtain 
facilities for maintaining adequate volt- 
age conditions at many locations, we, 
like many other utilities, found it desir- 
able and economical to obtain relief in 
many cases by installing shunt capacitors. 
While we found it practical to make quite 
a few low-voltage installations, ranging 
from 2.3 to 13.8 kv at distribution sta- 
tions, advantages and savings also were 
found in providing at transmission sta- 
tions, relatively large blocks of high- 
voltage capacitors, ranging in voltage 
from 22 to 44kv. Asa result of this pro- 
gram there now are approximately 225,- 
000 reactive kilovolt-amperes of static 
capacitors in service at various substa- 
tions on the system, and we are installing 
within the next year additional banks 
with capacity totalling approximately 
50,000 rkva. 
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by the AIEE Technical Program Committee for 
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It is the purpose of this paper to review 
all of our capacitor installations at trans- 
mission and distribution stations and to 
describe several typical installations, par- 
ticularly those of the high-voltage type. 
We will describe our experiences in the 
operation of all of these banks, including 
the switching problems involved. Special 
tests made on 44-kyv and 33-kv installa- 
tions at the time they were placed in serv- 
ice will be reviewed, 


Description of Installations 


Low-VOLTAGE BANKS 


The first two station installations which 
were placed in service in 1947, are of small 
size on wood pole structures and each is 
arranged in three steps and switched 
under automatic voltage control. The 
first one, rated 2,025 reactive kilovolt- 
amperes, 13.8 kv, is switched by means of 
15-kv relatively low-speed circuit break- 
ers. 

The rated 900 reactive 
kilovolt-amperes, 4 kv, utilizes as a main 
circuit breaker, a standard 15-kv 8-cycle 
outdoor circuit breaker, and for the 
second and third steps, capacitor-type 
switches which are, in effect, oil-insulated 
load-break devices suitable for inter- 
rupting charging current. In both of 
these cases the capacitors are not in- 
dividually fused. These were followed by 
several 4-step banks installed in outdoor 
cabinets. Table I lists these and other 
low-voltage installations now in service 
on the system of American Gas and 
Electric Company. 

It will be noted that all of the larger 
and more recent units are of the housed 
cabinet type, in which the circuit breaker 
for each step usually is included in the 
cabinet. These cabinets are found to be 
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more economical and their installation 4 
could be completed more quickly than 
outdoor structures especially designed to 
hold the capacitors. It will be noted also | 
that practically all of the banks pur- 
chased since 1948 utilize 25-rkva ca- 
pacitors which cost less per rkva than — 
the 15-rkva units furnished previously. — 
Furthermore, additional economies result i 
because of reduction in space require- 
ments and in the number of connections. — 
Most of the installations are of two or 
more steps with banks switched on and — 
off automatically under voltage control. 
A typical installation is shown in Figure 1 
which covers the 13.8-kv 13,200-reactive 
kilovolt-ampere installation of the Spy — 
Run Station of the Indiana and Michigan ~ 
Electric Company in Fort Wayne, 
Indiana. This is a 4-step scheme utilizing 
a magne-blast circuit breaker for over-all 
bank protection and for switching the 
first step. The oil circuit breakers of 
steps 2, 3, and 4 are of much lower rup- 
turing capacity and are used only for — 
switching the respective steps on and off 
and not for short circuit protection. All 
of the 25-reactive kilovolt-ampere 7,620- 
volt capacitors are individually fused so 
that failure of one capacitor does not 
take the bank out of service and also it 
gives an indication of the faulted unit. — 
Trouble on any bus or connections to the — 
: 

; 


several steps is cleared by the main 

backup circuit breaker. An overvoltage — 
relay is provided to de-energize the bank 
in case the bus voltage becomes high — 
enough to be harmful to the capacitors. | 


HiGu-VOLTAGE BANKS 


The high cost per reactive kilovolt- 
ampere of providing switched capacitors 
at low voltage and the need for locating 
them at several locations in a given area, 
indicated the desirability of switching in 
large blocks at high voltage at trans- 
mission stations feeding that area. Also, 
heavy power interchanges on the 132- 
kv system were causing low-voltage con- 
ditions at several transmission stations 
and on the subtransmission systems. It 
was felt that the use of large capacitor 
banks during these periods would make it 
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‘Figure 1 (above). 13,200-reactive-kilovolt-ampere 13,800-volt, 4- 
step capacitor bank at the Spy Run Station of the Indiana and Michigan 


Electric Company 


possible to maintain reasonably satis- 
factory voltage levels. 

There were several cases where ex- 
isting synchronous condensers and reg- 
ulating transformers had 
capable of maintaining proper voltage 
levels. It appeared that capacitors would 
provide the voltage increases necessary to 
permit these condensers and regulators to 
operate within their normal regulating 
range and thus make unnecessary the in- 
stallation of additional or larger and more 
expensive equipment which, incidentally, 
would have taken longer to procure. 

The possibilities of utilizing large 
blocks of high-voltage capacitors were, 
therefore, explored in 1948 and a number 
of banks rated 33,200 and 45,700 volts 
were ordered and placed in service in the 
early part of 1949. These banks, as well 
as ones placed in service later, are listed 
in Table II. 

The first of these banks to be installed 
was, the 9,900-reactive kilovolt-ampere 
45.7-kv bank at Logan, West Virginia, 
placed in service in April 1949. Referring 
to Table IT, Item 33, it will be noted that 
each phase is made up of four parallel 
groups in series utilizing 86 25-rkva 
7,200-volt capacitors in each of the first, 
second and third groups, and 24 4,800-volt 
units in the fourth group. 

Each capacitor is individually fused. 
With a Y-connected arrangement 
this results in a normal rating of 45.7 kv 
for the bank. One of the important con- 
siderations was whether to use available 
units of standard voltage ratings or to 
utilize 6,600- or 6,900-volt special units, 
which would have provided a simpler 
arrangement for 28-, 34.5-, and 46-kv 
bank ratings because all capacitors would 
have been of the same voltage rating. As 
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Figure 2 (right). 
9,900 reactive-kilo- 
volt-ampere 45, 700- 
volt, capacitor bank 
at the Logan Station 
of the Appalachian 
Electric Power Com- 


pany 


Table II indicates, we decided to use 
standard rated units because there was a 
considerable saving in cost, there was 
greater availability for quick replacement 
and there was the possibility of using 
these capacitors later on distribution lines 
in case the high-voltage capacitor bank 
became unnecessary in the future be 
cause of system changes or developments, 

Figure 2 shows a view of this capacitor 
bank at Logan, and Figure 8 is a sim 
plified 1-line diagram showing method of 
connecting the bank to the 44-kv bus. 
Note that double-throw switches are pro 
vided for grounding the bank when out of 
The 
neutral of the; bank is grounded solidly 


service for maintenance purposes, 


through a 1-to;1 ratio current transformer 
which is used for detecting unbalance 
phase current which may be caused by 
loss of one or more capacitors in any 
phase, For instance in case of loss of one 
or more capacitors in the 4.8-kv group of 
one phase it is calculated that the follow 
ing overvoltages on the remaining capac 
itors of the group would result: 


Per Cent 
Overvoltage 
Loss of one Capacitor, ........... 4,2 
Loss of two Capacitors........... ha 


Loss of three Capacitors,......... 18 
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Figure 3. Simplified 1-line of 9,900-reactive- 

kilovolt-ampere 45.7-kv capacitor bank at 

Logan Station of the Appalachian Electric 
Power Company 


of Shunt Capacitors L138 


From this it is seen that protection is 
required for failure of more than two 
capacitors in a group in order not to have 
excessive overvoltage on the other capac- 


itors of the same group. The present 
industry standard on the application of 
capacitors gives an average 24-hour over- 
voltage limitation of 5 per cent and a 
maximum overvoltage of 10 per cent. 
This indicates that capacitors can stand 
110 per cent of rated voltage for 12 hours 
during any 24-hour period. Therefore, 
we have been using 110 per cent as our 
voltage limit to be allowed on a capacitor 
in case of failure of one unit in a series 
group. It will be seen that loss of one or 
two 4.8-kv capacitors in the Logan bank 
will not put us in the danger zone, and 
therefore, it is intended to provide an 


alarm indication only for these cases. ~ 


However, if a third unit fails in the same 
group before either of the first two have 
been replaced, it is intended to trip the 
bank automatically. The original plan at 
Logan was to switch the bank on only 
during daytime heavy load periods, but it 
has been found preferable to leave the 
bank energized at all times and to take 
the change of reactive requirements on 
the plant generators. The oil circuit 
breaker used for switching this bank is 
rated 46 kv, 1,200 ampere, 8 cycle and is 
equipped with special interrupters having 
two 300-ohm resistors which are momen- 
tarily shunted across the contacts at times 
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Figure 4 (left). 
9,900 - reactive- 
kilovolt - ampere 
45,700-volt ca- 
pacitor bank at 
Sprigg Station of 
the Appalachian 
Electric Power 
Company 


of closing or opening the circuit breaker. 
When this installation was placed in serv- 
ice special tests were made on it, which 
are described later. 

Another 9,900-rkva, 45.7-kv capaci- 
tor bank, listed as Item 34 in Table 
II and shown in Figure 4, was placed in 
service about the same time at Sprigg, 
West Virginia. It will be noted that this 
bank consists of 11 series groups in each 
phase of 12 2,400-volt units in parallel. 
While this results in a simple and econom- 
ical arrangement, loss of one capacitor 
in a group gives approximately 9 per cent 
overvoltage and of two capacitors, 18 per 
cent overvoltage on the remaining capac- 
itors of the group, thus making it unde- 
sirable to go to banks of this type in 
capacities below 9,000 reactive kilovolt- 
amperes at 44 kv and 6,000 reactive 
kilovolt-amperes at 33 kv. By utilizing 
capacitors with a minimum rating of 
4,800 volts it is possible to go to mini- 
mum bank capacities of 2,400 reactive 
kilovolt-amperes at 33.2 kv and 3,825 re- 
active kilovolt-amperes at 45.7 kv, which 
sizes are incidentally about as small as 
can be justified on an economic basis con- 
sidering the high cost of the circuit 
breaker installation. 

Installation number 29 in Table II ap- 
plies to a 12,000-reactive-kilovolt-ampere 
33.2-kv capacitor bank at the Bellefonte 
Station of the Kentucky and West Vir- 
ginia Power Company, Inc. Figure 5 


Figure 5 (left). 
12,000 - reactive 
kilovolt - ampere 
33,200 - volt 
capacitor bank at 
Bellefonte Station 
of the Kentucky 
and West Vir- 
ginia Power Com- 
pany, Inc. 


6,600-reactive-kilovolt-ampere, 
45,700-volt capacitor bank at Mikegrady 
Station of the Kentucky and West Virginia 
Power Company, Inc. 


Figure 6. 


gives a view of this installation. This 
bank is made up of two racks of 6,000 
reactive kilovolt-amperes each and origi- 
nally the neutral was solidly grounded. 
Early tests indicated excessive third har- 
monic current in the neutral and there- 
fore the ground was removed and the 
current transformer connected between 
the neutrals of the two racks for protec- 
tion against failure of individual capac- 
itors. This bank as well as most of the 
others is switched on and off, by time- 
clock control so that reactive kilovolt- 
amperes are connected to the system dur- 
ing the heavy load periods. 

As mentioned previously, all capacitors 
are designed for use on circuits whose 
average overvoltage does not exceed 5 per 
cent. In the case of the 33.2-kv bank at 
Bellefonte and elsewhere, this gave us a 
limit of 34.8 kv, which is too low for other 
parts of the system. Therefore, we have 
ordered recently several banks, such as the 
one covered by Item number 30 in Table 
II, having a rating of 5,925 reactive kilo- 
volt-amperes at 34.7 kv. Also under Item 
26 there was installed a 10,500-rkva 
capacitor bank rated 29 kv for a 
27.6-kv system, which will later be 
changed to 33 kv, at which time the 
capacitor bank will be increased to a 
12,000 reactive-kilovolt-ampere 33.2-kv 
arrangement by replacing the second 
group of 4.8-kv capacitors with 7.2-kv 
capacitors. Another view of a typical 
45.7-kv installation connected to a 44-kv 
line in a remote location is shown in 
Figure 6. 

Since the manufacturers’ standard? in- 
dicates that capacitors can stand 10 per 
cent overvoltage it is inferred that even 
higher voltages can be withstood for short 
periods of time without unduly shortening 
their life. This will make it possible, in 
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TC =time clock. Man=manual. 


LBS =load break switch. C=weatherproof cabinet. W-S-STR=wood steel structure. ABB=air blast circuit breaker. 
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some instances, to use smaller capacity 
series-parallel banks. It also will permit 
setting overvoltage protection to a higher 
value for both high-voltage and low- 
voltage installations. 


Tests and Switching of High Voltage 
Capacitor Banks 


When the Logan bank was first placed 
in service, tests were made to determine 
voltage and current surges at times of 
switching the bank. A modern 8-cycle 
oil circuit breaker with resistors was used. 
Tests also were made to determine the 
effect of losing 1, 2, or 3 4.8-kv capacitors 
in a group. 

Magnetic oscillographs were used to ob- 
tain a record of the line currents, neutral 
current and line-to-neutral voltages on 
the 44-kv bus and on the capacitor bank. 
Since the number of 4,800-volt capacitors 
in parallel per phase is less than the 
number of 7,200-volt units, the loss of a 
4,800-volt unit is more critical than the 


loss of a 7,200-volt unit. The voltage 
across the 4,800-volt group was there- 
fore read with 1, 2, and 3 units discon- 
nected. These overvoltages approxi- 
mated the calculated values. 

Figure 7 is a typical oscillogram taken 
during one of the tests and shows the con- 
ditions on energizing and de-energizing 
the Logan bank. The effect of the special 
resistors added to the interrupters on the 
circuit breaker, is quite noticeable during 
the first four or five cycles. The tests re- 
vealed the presence of a third harmonic 
current of 3 to 4 amperes flowing between 
the neutral of the bank and ground. 
Since this current is greater than the un- 
balance current that would be expected to 
flow if the capacitances on the three 
phases became unbalanced through the 
loss of one to three capacitors in the same 
group, it became impossible to use the 
neutral current as an indication of over- 
voltage. At present the bank is operating 
solidly grounded with these relays out of 
service. We have not, as yet, found an 


economical and practical solution to this 
problem, except to provide two similar 
banks and to use the neutral current 
flowing between the banks for protective 
relaying. The results of the tests may 
be summarized as follows: 


1. Only one restrike was noted in the nine 
tests on which oscillograms were obtained 
and this did not result in any noticeable 
overvoltage. 


2. Inrush line currents on energizing ranged 
from four to seven times normal. 


3. Inrush or unbalance current in the 
neutral due to the three circuit breaker poles 
not making contact at the same instant, 
ranged from 65 to 104 amperes. The need 
of a gap to protect the neutral current trans- 
former from a build-up of damaging over- 
voltage was indicated. The frequency of 
the inrush currents was in the order of 360 
to 500 cycles. 


Similar tests also were made on the 
45.7-kv bank at Sprigg Station and the 
33.2-kv bank at Bellefonte Station. 
Typical oscillograms of these tests are 
shown in Figures 8 and 9. 


Table IV. Experience in Switching Low-Voltage Capacitor Banks 
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* Oil circuit breaker. 

** Load break switches. 

+ Estimated. 

$ Contacts badly burned and replaced. 
§ Oil replaced. 


4 Circuit breakers had thrown oil and excessive maintenance required. 
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Operating Experience with 
High-Voltage Applications 


Notwithstanding the problems that 
they have engendered, experience with 
high-voltage capacitor banks must be 
considered quite satisfactory. Only a few 
capacitors have failed, and usually only 
one at a time permitting replacement be- 
fore failure of another unit. Recently we 
had a case of one capacitor failing and 
fuses blowing on two other capacitors of 
the same group, which caused the oil 
circuit breaker to trip off the bank. This 
is the only instance where the neutral 
current protection had a chance to func- 
tion as planned and operated correctly. 


‘The blowing of the other fuses is attrib- 


uted to the faulted capacitor not being 
cleared quickly enough by its fuse. 

In Table III there have been assembled 
pertinent data regarding the perform- 
ance of the capacitors and circuit break- 
ers of high-voltage banks. It will be 
noted that the number of capacitor fail- 
ures has been relatively small, amounting 
to only 0.6 per cent for the banks that 
have been in service approximately a year 
or more. Many of these failures occurred 
at the time of, or shortly after, initial 
energization, apparently due to poor 
workmanship during manufacture. 

Inspection of the banks is necessary 
periodically to determine whether any 
fuses have blown or capacitors have 
failed. On the first three installations 
operators were available and daily checks 
were made. Satisfactory operating ex- 
perience indicated less need for frequent 


inspection. Since later installations were 


at nonattended or somewhat isolated 
locations, it became desirable to increase 
the time between inspections for economy 
reasons, and it will be noted that monthly 
checks now are being made in several 
cases. It is entirely possible that this 
period can be increased still more, be- 
cause of rare cases of capacitor failures. 


Experience with circuit breakers having 
resistors has been satisfactory. It will be 
noted that several of the circuit breakers 
have been operated over 300 times with- 
out any noticeable deterioration of con- 
tacts, resistors, or oil. Circuit breakers 
are inspected after approximately 150 
operations. In the case of one 6,000 
rkva capacitor, 33.2-kv bank, a circuit 
breaker without resistors was inadver- 
tently installed and for a period of ap- 
proximately four months switched the 
bank on and off daily without causing any 
apparent difficulties due to the restrikes. 

In most cases harmonic currents have 
been encountered in the neutral of the 
bank when the neutral was _ solidly 
grounded but, as pointed out, we have, 
wherever possible, gone to a double Y 
scheme, allowing the neutral to float. 


Operating Experience with 
Low-Voltage Applications 
(Below 15 Kv) 


Relatively few capacitors have failed 
and most of these failures occurred during 
the first few months of operation. The 


Figure 8. Oscillogram of energizing and 

immediate de-energizing of 9,900-reactive- 

kilovolt-ampere 45,700-volt capacitor bank at 

Sprigg Station of the Appalachian Electric 
Power Company 
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Figure 9 (above). 


Figure 7 (left). Oscillogram of energizing and de-energizing 9,900- 
reactive-kilovolt-ampere 45,700-volt capacitor bank at Logan 
Plant of the Appalachian Electric Power Company 


Oscillogram of energizing and de-energizing 
12,000-reactive-kilovolt-ampere 33,200-volt capacitor bank at 
Bellefonte Station of the Kentucky and West Virginia Power Com- 


pany, Inc. 


« 
primary cause was defective workman- 
ship of the capacitors during manufac- 
ture. 

Initially there was some trouble with 
individual fuses which has been cor- 
rected. Also there was some difficulty 
with automatic control whereby there 
was insufficient time delay in connection 
with the switching, and pumping oc- 
curred, resulting in bus flashovers. There 
have been several cases where banks were 
re-energized too quickly, thus causing 
surges which damaged nearby lightning 
arresters. In general, experience with the 
operation of low-voltage capacitor banks 
has been satisfactory. 

Pertinent data covering the switching 
of 14 low-voltage banks are given in 
Table IV. Generally old style 15-kv 
circuit breakers because of their relatively 
slow opening speeds and light contact 
structures were found to be unsatisfactory 
for switching capacitors. They have re- 
quired frequent checks of the condition of 
the oil and contacts, usually at 2- to 4- 
month intervals, or every 200 operations. 
Some types of modern 8-cycle circuit 
breakers recommended by manufac- 
turers for controlling capacitor banks have 
shown deterioration of contacts and 
heavy carbonization of oil after a rela- 
tively small number of operations. Other 
modern 8-cycle oil circuit breakers in- 
stalled with banks listed in Table IV 
have performed properly with little main- 
tenance required and with inspections 
about every six months. Our limited 
experience with capacitor load break 
switches has not been too satisfactory. 


Conclusions 


1. The use of low-voltage capacitor 
banks switched in one or more steps is an 
economical means for obtaining more 
kilowatt carrying capacity and for re- 


NG 


ducing losses for all parts of the system 
involved including the generating units, 
transmission lines, and substation trans- 
formers. 

2. The use of high-voltage capacitor 
banks in large blocks is another econom- 
ical way to provide necessary kilovars, 
thus releasing more capacity and reducing 
losses for transmission stations, trans- 
mission lines, and generating units. 

3. The performance of many low- 
voltage switched capacitor banks auto- 
matically controlled by voltage has 
demonstrated that with a reasonable 
amount of maintenance, excellent re- 
liability and good results are obtained. 

4, Similar excellent performance of 


high-voltage capacitor banks in voltages 
ranging from 22 to 44 kv and in sizes from 
3,000 to 20,000 reactive kilovolt-amperes 
has shown that these installations are en- 
tirely reliable and suitable for transmis- 
sion systems. 

5. Several years experience and test- 
ing with high-voltage circuit breakers 
equipped with resistors indicate that 
satisfactory and reliable results can be ob- 
tained in the switching of large high- 
voltage capacitor banks. 

6. Large savings result in utilizing 
static capacitor banks in conjunction 
with synchronous condensers and step- 
type regulating transformers to obtain 
necessary reactive kilovolt-amperes and 


voltage regulation required at a given 
location. Mt 
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Discussion 


C. R. Craig (General Electric Company, 
Pittsfield, Mass.): It is interesting to note 
that the authors of this paper have described 
another pioneering experience in the applica- 
tion of shunt capacitors. Until about 1949, 
capacitor applications were limited almost 
entirely to load areas at distribution volt- 
ages, and there is still plenty of room for 
power factor improvement at those voltages. 
Now, however, it has been shown that series- 
parallel groups of standard units can be 
safely connected directly to high-voltage 
transmission lines to give very economical 
voltage and power factor improvement. In- 
formation such as that reported by the 
authors is especially interesting and instruc- 
tive to manufacturers, who are always inter- 
ested in widening the application and im- 
proving the product. 

I would like to point out some interesting 
information drawn from Table III of the 
paper. A relationship appears to exist be- 
tween the per cent number of failures of the 
capacitors and the number of switching 
operations. A comparison of these two 
quantities, the seventh and ninth columns in 
Table III, shows that the highest per cent 
failure occurs in the bank having the most 
switching operations, while the lowest per 
cent failure occurs in banks switched less 
frequently. Installations numbered 28 and 
33, both with 17 months of service, are good 
examples of this comparison. 

While there are a great many things that 
may affect capacitor life, the proposed 
switching schedule for a bank may serve as 
a guide in setting up a schedule of bank in- 
spections for blown fuses that indicate unit 
failures. For example, it appears that in- 
stallation number 28 perhaps should be in- 
spected more frequently than installation 
number 33, as it is switched more than five 
times as often. Actually, as pointed out by 
the authors of the paper, periods between in- 
spections may very well be increased beyond 
a month or more because of the rare cases of 
capacitor failure. 


H. E. Campbell (General Electric Company, 
Schenectady, N. Y.): Messrs. Porter and 
Zimmerman have done an outstanding job 
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in using, testing, and reporting on high- 
voltage capacitor banks. Their records 
show that approximately 50 per cent of the 
reactive kilovolt-amperes installed at their 
stations have been of the high-voltage-bank 
type. 

The authors pointed out in their paper 
that they found advantages and savings in 
installing large high-voltage capacitor 
banks. I do not believe they mean to imply 
that capacitors should be put on these 
higher-voltage lines instead of putting them 
in the distribution system if the reactive 
kilovolt-amperes are needed by loads in the 
distribution system. The difference in cost 
per reactive-kilovolt ampere at the two loca- 
tions does not appear to be so great as to 
justify such a procedure. However, there 
might be cases where the distribution area is 
not available for capacitor installations, and 
the high-voltage banks would be a solution. 
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Since the authors installed their capaci- 
tors, a low-cost 15-kv switch has become 
available for switching small banks of 
capacitors. The lack of this switch a few 
years ago may have encouraged the authors 
to install a large percentage of their capaci- 
tors at the higher voltage. I believe that 
there will be little difference in the price of 
the low-voltage capacitor bank and the high- 
voltage capacitor bank when the low-voltage 
switch is used to its full capability. The 
reactive kilovolt-ampere of a lower-voltage 
capacitor will do everything the reactive 
kilovolt-ampere of a higher-voltage capaci- 
tor bank will do plus the releasing of capac- 
ity, reduction of losses, and/or improvement 
in voltage between the locations of a high- 
voltage capacitor and a _ lower-voltage 
capacitor. The value of these additional 
benefits of the lower-voltage capacitor 
should more than pay for the extra cost of a 
larger number of low-voltage installations. 

Reactive kilovolt-amperes are needed in 
all parts of the system, and there is equip- 
ment available to supply the reactive kilo- 
volt-amperes at any point of thesystem. As 
far as the high-voltage and low-voltage parts 
of the system are concerned, it appears that 
the reactive kilovolt-amperes should be sup- 
plied where they are needed, because of the 
small difference in the cost of supplying 
them at either place. 


E. B. Rietz and C. J. Balentine (General 
Electric Company, Philadelphia, Pa.): We 
are happy to be able to supplement this 
paper with some of the design details of the 
high-voltage circuit breakers which are re- 
ferred to as being equipped with resistors on 
interrupters. The development of these 
circuit breakers was at the request of the 
American Gas and Electric Service Corpora- 
tion for the installations which are de- 
scribed in the paper. The function of the 
resistor unit is exactly the same as the resis- 
tors used on General Electric 115-to-230-kv 
circuit breakers to shunt the multibreak 
interrupter contacts so that they can inter- 
rupt; line charging currents without the 
creation of abnormal overvoltages. Such 
resistors have been in service for the last 
seven or eight years and have given a very 
satisfactory account of themselves. 
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Resistor-equipped circuit breakers in the 
15-kv class already had been developed and 
had been in service since 1943, and, there- 
fore, it was entirely logical to extend this de- 
sign to the 34.5- and 46-kv circuit breakers 
in question. 

The general arrangement of such a resis- 
tor on a circuit breaker interrupter is shown 
in Figure 1 of this discussion. The resistor 
is a helically-wound nichrome wire assem- 
bled on a grooved insulating cylinder which 
with an outer insulation tube for mechanical 
protection makes up an assembly which can 
be readily mounted concentrically around a 
standard interrupter contact. Built into 
the lower throat opening of the enclosure is 
a metal electrode ring to which the lower 
end of the resistor is connected. Since the 
upper end of the resistor is attached per- 
manently to the metal chamber, it is appar- 
ent that as the circuit breaker opens, a cir- 
cuit is completed between the moving con- 
tact rod and the metal electrode ring either 
due to contact between the two parts or asa 
result of the breakdown of the small oil gap 
as voltage builds up. 

During the develpment, many tests were 
made at the factory in addition to those 
field tests described in the paper using the 
criterion that overvoltages should not ex- 
ceed two times normal. Successful per- 
formance up to equivalent 3-phase capacitor 
bank ratings of 30,000 kva were obtained 
with no indication that this was a necessary 
limit. 

We are very much gratified at the operat- 
ing record obtained with these special 
capacitor switching circuit breakers, which, 
according to Table III of the paper, have 
had over 2,500 operations with the condition 
of the oil and contacts reported as good. 
Therefore, it would seem that this approach 
to the problem makes it feasible to consider a 
wider use of high-voltage capacitor banks 
because circuit breakers are available which 
will have proper switching ability. 


J. R. Robert (Electricite de France, Paris, 
France): During the last two years Elec- 
tricite de France has put into operation 
numerous capacitor banks similar to those 
mentioned in this paper. 

Electricite de France utilizes capacitors of 
five standardized types which may be assem- 
bled in various combinations in order to 
obtain Y- or delta-connected banks at the 
various voltages of the Electricite de France 
distribution network. 

When these banks are Y connected the 
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neutral is never grounded so as to avoid the 
circulation of currents of the 3, 6, 9, ..., 
harmonics in the capacitors when the net- 
work neutral is grounded or also to exclude 
the possibility of ferroresonance when the 
network neutral is isolated. 

The energizing or de-energizing of the 
banks is effected by means of load break 
switches which are able to cut the normal 
bank current but are not meant to eliminate 
short circuits when they occur. 

The clearing of these short circuits is 
made either by fuses or by powerful air- 
blast circuit breakers for important banks 
only. 

The banks utilized by Electricite de 
France often are divided into several partial 
banks controlled precisely by load break 
switches, the totality of the bank units being 
controlled by an air-blast circuit breaker. 

The protection of the capacitor banks is 
designed in such a way that the bank is auto- 
matically de-energized as soon as an element 
in one unit is damaged; such a degree of 
protection sensitivity has been sought in 
order to eliminate as rapidly as possible the 
damaged capacitor and avoid the possibility 
of an explosion, always a danger for adjoin- 
ing units, and also to avoid subjecting the 
capacitors to overvoltages when clearing off 
the fault. That is why the protection of the 
units by fuses has been given up as having 
too little sensitivity and a differential pro- 
tection by voltage relay has been adopted: 
each bank, when Y connected, is divided into 
two half-banks and between the two neutral 
points of these half-banks is introduced a 
voltage relay directly connected with the 
high-voltage without a current transformer, 
which operates as soon as a coil in one of the 
half-bank units is damaged. Suitable pre- 
cautions are taken when balancing the 
phases so as to group properly the capacities 
of each half-bank in such a way that there 
should not exist between the two neutral 
points a voltage higher than the operating 
voltage of the relay. The same relay is used 
in the protection of delta-connected banks, 
but in this case each phase has to be divided 
parallel and having a middle point (this 
necessitates having at least two units in 
series per phase). The relay is connected 
between the two mid-points of each half 
phase. 

The advantage of the direct relay lies in 
the fact that it costs less than the price of 
the measurement transformer and low-volt- 
age relay combination. It is now giving 
satisfactory results. 


Figure 2 (left). 
Relay protection 
of delta-con- 
nected capacitors 
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Figure 3 (right). 
Protection of y- 
connected capac- 
itors 
RELAY 


The location of the damaged units after 
relay action is detected easily by a swelling 
of the tank. In case this swelling should not 
occur, rapid capacity measurements by 
comparison between phases, half-phases, and 
so forth, permit quick detection of the 
damaged unit. 


Charles I. Maust (The Barrett Division, 
Allied Chemical and Dye Corporation, New 
York, N. Y.): One General Electric Com- 
pany engineer stated they now can build a 
circuit breaker to handle properly 10,000- 
reactive-kilovolt-ampere (kvar) banks of 
static capacitors, but I would like to know 
if the authors or the General Electric Com- 
pany engineers have considered the “rock- 
ing’ effect on the electrical system and 
interconnected systems when switching large 
blocks of static capacitors? 


F. M. Porter and C. P. Zimmerman: Mr. 
Craig points out an apparent correlation be- 
tween the percentage failures of individual 
capacitor units and the number of switching 
operations reported in Table III of the 
paper. He calls attention to the fact that 
installations numbers 28 and 33 have had the 
highest percentage failures and also the 
largest number of circuit breaker operations 
to date. We feel that because of the rela- 
tively short period of time that the capacitor 
banks have been in service, no definite con- 
clusions can be drawn at this time, and that 
the relationship pointed out therefore must 
be attributed to coincidence only. It should 
be noted that on these two banks, a total of 
only five failures in 636 units was experi- 
enced, and a portion of these failures (per- 
haps all of them) might well have been 
caused by some manufacturing defects, such 
as poor workmanship or improper assembly, 
which might not show up until the capaci- 
tors have been in service for several months. 

Mr. Craig also suggested that the number 
of switching operations be used as a guide 
for determining the frequency at which 
capacitor banks should be inspected for 
defective capacitor units. A schedule might 
well be set up on this basis for multistep 
banks which have a relatively large number 
of circuit breaker operations, and for the 
primary reason of checking on the condition 
of the circuit breakers, since experience has 
shown that some designs do not stand up as 
well as others on repetitive switching. Asa 
matter of fact, some designs recommended 
by manufacturers require maintenance after 
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a relatively small number of operations. We 
believe, therefore, that for multistep banks, 
the circuit breakers should be inspected as 
frequently as experience indicates is neces- 
sary in each particular case. The capacitor 
units can be inspected at the same time as 
the circuit breakers at little or no additional 
expense. In the case of time-clock-con- 
trolled or single-step capacitor banks, such 
as those used on high-voltage installations, 
it is believed that the failure rate of the 
capacitor units taken over a period of several 
years will permit establishing a suitable fre- 
quency for bank inspection. 

The authors did not intend to infer, as Mr. 
Campbell pointed out, that capacitors 
should be installed only in large high-volt- 
age banks, in view of the fact that the in- 
stalled cost per kilovolt-ampere of such 
banks is lower than the cost of capacitors 
installed at distribution stations or on distri- 
bution lines. We, of course, concur with 
him in that the farther down on the system 
(that is, from the generators) capacitors are 
installed, the more benefit will be derived in 
releasing transformer and circuit capacity. 
As pointed out in the paper, heavy power 
interchanges on a high-voltage system tend 
to cause low-voltage conditions primarily 
because of increase in reactive-kilovolt- 
ampere losses on the lines and the simplest, 
most direct, and most economical way to 
provide these reactive kilovolt-amperes is at 
high voltage at line terminals as we have 
done in numerous cases. Also, the use of 
static capacitors with existing synchronous 
condensers to increase capacity is an excel- 
lent arrangement. In either of the preceding 
cases it is not possible to accomplish the 
same results when the capacitors are located 
at numerous points and therefore are not 
capable of being switched on and off as de- 
sired. There are not only limits to the 
amount of unswitched capacitors that any 


system can stand without getting into diffi- 
culties in light load periods, but there are 
limitations on the number of switched 
capacitors that can be installed on the 
secondary buses of distribution stations for 
various reasons. Often one has a choice of 
putting in one or two large high-voltage 
capacitor banks as against a greater number 
of low-voltage multistep capacitor banks in 
several distribution stations. For a given 
number of reactive kilovolt-amperes to be 
provided, our experience indicates that the 
total installed cost per reactive kilovolt- 
ampere for the low-voltage banks amounts 
to 11/2 to 2 times the cost for high-voltage 
banks. The low-cost 15-kv capacitor switch 
will reduce this differential somewhat, but 
certainly will not eliminate it entirely. 

Now that a low-cost 15-kv switch is avail- 
able, we believe it advisable for manufac- 
turers to investigate the possibility of de- 
veloping automatic air break or load break 
switches that can be used for repetitive 
switching of high-voltage multistep ca- 
pacitor banks. 

The discussion of Messrs. Rietz and 
Balentine on the resistor-equipped circuit 
breakers is appreciated, since the descrip- 
tion gives a detailed picture of the arrange- 
ment provided on these resistor-equipped 
interrupters of the circuit breakers such as 
used for switching the high-voltage capaci- 
tor banks mentioned in the authors’ paper. 
It is particularly gratifying to learn that 
tests have been made indicating that 
capacitor banks up to 30,000 kvar can be 
switched successfully by modern circuit 
breakers with modified interrupters. 

The authors considered the elimination of 
the individual capacitor fuses as reported 
by Mr. Robert in describing the experience 
with high-voltage banks in France. How- 
ever, it was felt that these fuses were justi- 
fied for at least two reasons—first, because 
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they indicate which capacitor units have 


failed at the time of a subsequent inspection 
and, second, because they permit the capaci- 


tor bank to remain in service after one or 


more capacitors have failed. The large 


high-voltage capacitor banks that we have 


installed are depended upon to maintain 
voltage levels on our transmission system, 
and it is imperative to have as high a service 
factor on these banks as possible, and to 
have them connected to the system when- 
ever required. Also, a good proportion of 


our banks are installed at remote locations — 


so that if the unit fuses were omitted and the 
banks tripped out on the failure of the first 
capacitor, there would be delays of 12 to 24 
hours or longer before the trip-out of the 
bank was ascertained and personnel dis- 
patched to remove the defective capacitor 
and re-energize the bank. 

Regarding Mr. Maust’s question as to 
whether switching a 10,000-kvar bank will 
have any serious effect on system conditions, 


this refers to an isolated case of trouble 
which recently has come to our attention. — 


We are investigating this matter thoroughly 
and expect to arrive at a solution to the 


problem satisfactory to all parties con-— 


cerned. In general, the switching on and 
off of capacitor banks causes sudden small 
changes in voltage on adjacent buses and 


lines, but the result is very much the same as — 


switching on and off of important lines be- 
tween major stations. Therefore, in most 


cases no new problems have been introduced — 


which would affect system conditions ad- 
versely. 

The authors appreciate the many discus- 
sions and interest indicated in their paper 
and are grateful for the complimentary re- 
marks received. We hope that the informa- 
tion presented will be of help to others con- 
sidering the application of capacitor banks, 
particularly at the higher voltages. 
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Geometric Mean Distances of 


Angle-Shaped Conductors 
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Synopsis: The self-geometric mean distance 
of a symmetrical angle-shaped conductor is 
approximately 0.393 times the width of the 
flange of the conductor, measured on the 
outer surface. The geometric mean distance 
between two symmetrical angular conduc- 
tors, when arranged as shown in Figure 5, is 
very nearly equal to the distance between 
corresponding points on the two conductors, 
even for spacings approaching zero, For- 
mulas are developed for the geometric self 
mean distance of an unsymmetrical angular 
conductor, and the geometric mean distance 
between two such conductors (equations 15 
and 21 respectively). 


EOMETRIC mean distances of con- 

ductor cross-sections have been 
analyzed in considerable detail in the 
past, but one cross-section which ap- 
parently escaped attention was that of a 
right angle. Use of conductors with 
angular cross-section was recently pro- 
posed for the supply of the a-c powered 
cranes to be installed at McNary and 
Chief Joseph dams, and because of the 
length of travel from the feed point (in 
the order of 1,000 feet), reactance drop 
was considered important. This in turn 
required knowledge of the self-geometric 
mean distance and the geometric mean 
distance between two conductors of that 


type. 


Concept of 
Geometric Mean Distance 


The geometric mean of quantities, 
where 7 is finite, is the nth root of the 
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product obtained by multiplying all x 
quantities together. This also may be 
expressed by stating that the logarithm of 
the geometric mean of n quantities is 
1/n times the sum of the logarithms of the 
quantities. This latter form may be ex- 
tended to include the case of » approach- 
ing infinity by replacing the sum of the » 
logarithms, and the number (by which 
that sum is divided), by integrals. 

The application of the foregoing theory 
may be illustrated by the calculation of 
the self-geometric mean distance R of a 
straight-line segment, and of a rectangle. 
The latter of these results will be utilized 
in later derivations. 


SELF-GEOMETRIC MErAN DISTANCE OF 
LINE SEGMENT 


The co-ordinates for this problem are 
shown in Figure 1. 


log, R= f"[ frogeu du+ 
er Nees u du |dx+ "| faut 
aine "au |dx (1) 


Figure 1. Co-ordinates for calculation of self- 
geometric mean distance of line segment 


Figure 2. Co-ordinates for calculation of self- 
geometric mean distance of rectangle 
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Thus the logarithm of the distance u 
is integrated in both directions from a 
point x to the ends of the line segment, 
and the result integrated over all positions 
of x from one end of the line segment to 
the other. The mean value of the loga- 
rithmic function is obtained by dividing 
its integral by the integral of the inde- 
pendent variables over the same limits. 
Evaluation of the integrals indicated in 
equation 1 yields: 


log. R=a*(logaa—1.5)/a* (2) 
=log,a—1.5 

= log, 0.2235 a (3) 

R=0.2235 a (4) 


SELF-GEOMETRIC MEAN DISTANCE OF A 
RECTANGLE 


The self-geometric mean distance of a 
rectangle (Figure 2) is found by replacing 
each integral in equation 1 by a double 
integral. 


log. Raf ft fi’ fr" lose VJ ud-+-otdu+ 
fer ® loge Vui+v du |dv 


Ny feed Oy log. /ur-+v? du+ 
oS leet yee du |dv} dx dy-+ 
(a*b?) (5) 


log. R=logeWa?+b?—(1/)(a2/b?) X 
loge V1+(62/a?)—(4/0)(b?/a?) X 


loge V1-+ (a2/b*) +(2/s) (a/b) X 
tan! (b/a)+(2/3)(b/a) tan~ (a/b) —(25/12) 


(6) 


This may be approximated to a good 
degree of accuracy (within 0.2 per cent 


Figure 3. Co-ordinates for 
calculation of selfgeometric 
mean distance of angular 
conductor 
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Figure 4. Simplifying approximation in cross- 
section of angular conductor 


for all values of the ratio a/b) by the 
following :! 


R=0.2235(a+b) (7) 
Self-Geometric Mean Distance of 
Angular Cross-Section 


The integrals required to compute the 
self-geometric mean distance of the con- 
ductor shown in Figure 3 may be broken 
into separate parts as follows: 


log. R 


= I ESPeCt tOn7/.5 P.0 and ey 
Over area A 


Integral of logeVu2+0? a 
ate 


Integral of logeWu2+2 with 
respect to wu and v over area Me 
B, and with respect to x and 

y over area A 


a 


Integral of logeW/u2-+0? with 

respect, to-4, 9, 4, andy 
over area B 

Integral of logeWV/u2+v? with 

respect to u and v over area 

A, and with respect to x and 
y over area B 


+ [(area of A)?+(area of B)(area of A)+ 
(area of B)?+(area of A)(area of B)] (8) 


It will be assumed that the cross-sec- 
tions A and B may be replaced by rec- 
tangles A’ and B’ (see Figure 4). The 
first and third integrals in equation 8 
then have the same form as the numerator 
of the right-hand side of equation 5, and 
the approximate solution given in equa- 
tion 7 may be adapted to this applica- 
tion. 


Integral of log. u*+-y? with 
respect to u, v, x, and y 
over area A’ 


=a? log, 0.2235(a+b) (9) 
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Integral of loge Vu2+v? with 
respect to u, v, x, and y 
over area B’ 


=a’%b’? log, 0.2235(a’+b’) (10) 


It will be further assumed that in 
evaluating those integrals which are with 
respect to u and v over one of the cross- 
sections, and with respect to x and y 
over the other cross-section, the average 
value of the integrand across each cross- 
section (with respect to v and yin A’, and 
with respect to u and x in B’) may be 
considered equal to the value at the center 
line of the cross section. 


Integral of logeWu2-+v? with 

respect to u and v over area 

B’, and with respect to x 
and y over area A’ 


=0'0 fi? f loge Vxt+08 dudx (11) 


=b'b[(a’a/2) log. (a’*+a*)—1.5X 
a’‘a+(a’?/2) tan! (a/a’)+(a2/2)X 
cot~(a/a’)] (12) 


Integral of log.~/ u?+-v? with 

respect to u and v over area 

A’, and with respect to x 
and y over area B’ 


=H f,* [" loge V/y?+u? du dy (13) 


=b'b{(a’a/2) log, (a’*+a*)—1.5X 
a’a+(a?/2) tan~! (a’/a)+(a'2/2)X 
cot-(a’/a)] (14) 


Simplification of these expressions, and 
substitution into equation 8 yields: 


log. R= [a?b? log, 0.2235(a+b)+a’2b’2X 
log. 0.2235 (a’+b’)+2a’ab’b log. 0.2235 
Va'2+a2+b'ba? tan~1(a’/a)+b’ba’2 

tan” (a/a’)|+(ab?+2a’ab’b+a'%b’?) (15) 


In the special case of a symmetrical 
cross section, that is a equal to a’ and b 
equal to b’, this reduces to: 


log. R= [2 log 0.2235(a+b)+2 log. 0.2235 


aV/24+(x/2)]/4 


R=0.393-V/a(a+b) (16) 


If a is several times as large as b, the 
following approximation is valid: 


V a(a+b) =a+(b/2) (17) 
Hence 
R=0.393[a+(b/2)] (18) 


It may be noted from Figure 3 that 
a+(b/2) is equal to the width of the 
angle flange, measured on the outside. 


Geometric Mean Distance Between 
Angular Cross Sections 


The calculation of geometric mean 
distance R’ between two identical con- 
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ductors of angular cross-section miay be 
broken into the evaluation of separate 
integrals, just as was done in finding the 


self-geometric mean distance. The cross- — 


sections and co-ordinates are shown in 
Figure 5. 


log. R’= ff hep log. Vur+v2 du duX 
dx dyt+ Jaf fof loge Vut-t0? x 
du do dx dy + fof furf X 
loge Vu2-+v? du dv dx dy+ 


Sod Sanf 10e. Vit-+02 du dv dx dy |= 


[(area of A,)(area of Av)+(area of A) 
(area of Bz)+(area of B,)(area of By)+ 


Se ee 


(area of B,)(area of As) (19) ; 


Here all terms involve one integration 


over one cross-section and a second in- 
tegration over a different cross-section, 
and the same simplifying assumptions 
will be made as were made in such terms 
in the preceding example. 


loge R'= {orf* a. oe u du dx+ 
oof, 4 “loge (cta—x)t +0" dv X 
dxf i As logeV(a+c)?+0?X 
dot fi ogeW(c+a)?+0%0 | dy+ 
oof" fhe loge u2+y2 du dy} iy 
(a2b2+2aba'b’+a'2b’?) (20) 


Evaluation of these integrals yields 
equation 21. 


a 
c 
a 
L.| 
Figure 5. Co-ordinates for calculation of 


geometric mean distance between two angular 
conductors 
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gee R’ =((b2/2) [(c+2a)? log. (c+2a)— 
2(c+a)? log. (ct+a)+c? loge c—3a?}+ 
(b'b/2){a'(c+2a) log, [(c+2a)?+a’?]— 
ca’ log. (c?+a’2)+ [(c+2a)?—a’?2] cot7} 
[(e+2a)/a’|—(c?—a'?) cot} (c/a’)— 
6a'a} +(b'2/2){(a+c)? log (at+c)?+ 
[a’2—(a+c)?*] loge [((a+c)?+a'?]+ 
4a’(a+c) tan~"[a’/(a+c)]—3a’?}) + 
\\ (a2b2+2aba’b’+a’2b’2) (21) 


Substitution of the following values of 
he ratios c/a, a’/a and b’/b gives the cor- 
sponding values of R’: 


c/a a’/a R'/a 
10) 1.012 
1.0 1.501 
1.0 2.000 
1.0 3.000 
1.0 2.000 
2.0 2.0238 


ee Ne OO 
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The following empirical approximation 
to equation 21 would probably suffice in 
most practical applications: 


R’=a+ce (22) 


Conclusions 


General expressions for the self-geo- 
metric mean distance of angle-shaped 
conductors and the geometric mean dis- 
tance between two identical conductors 
of that type are given in equations 15 and 
21, and the symbols are defined in Figures 
3 and 5. Simple empirical expressions 
which would probably yield sufficient 
accuracy for design calculations are given 
in equations 18 and 22 for symmetrical 
conductors. The validity of the latter 
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approximation is not affected seriously by 
a reasonable amount of dissymmetry in 
the cross-section of the conductor, as is 
indicated in the table immediately pre- 
ceding equation 22, 


Reference 


1. FORMULAS AND TABLES FOR THE CALCULATION 
oF Mutua AND SeEtF InpuctTancg, E. B. Rosa, 
F. W. Grover. Scientific Paper 169, United States 
Bureau of Standards (Washington D. C.), volume 
8, January 1912, page 167. 


No Discussion 


123: 


Protection of Transmission Lines Over 
Mountainous Region Where Lightning 
Incidence Is High 


J, ELMER HOUSLEY 
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Synopsis: This paper presents the applica 
tion and heneficial results of protecting exist- 
ing transmission lines which traverse moun- 
tainous country against direct lightning 
otrokes by redesign of towers, alteration of 
overhead ground wires, installation of high 
speed relaying, and lowering of tower foot 
ing resistance by buried counterpoise wires, 


Transmission System 


‘La Aluminum Company of America 
and subsidiaries own a double-cireuit 
IH4-ky transmission line extending from 
Alcoa, Tenn, to Santeetlah Power House 
in North Carolina, a9 shown in Migure 1, 
over a distance of 80 miles where light 
ning incidence is high, There are two 1.5 
mile tap eireuits from this line to the 
Calderwood Power House in Tennessee, 
The conduetors are 500,000 eireular-mil 
aluminum The 
overhead ground wires consist of 1/2-ineh 


steel-remlorced cable, 
galvanized, high strength, stranded steel 
cable and there are a total of 231 steel 
towers, ‘This line! traverses very rugged 
country, The span lengths in the level 
country are fairly uniform and not over 
O00 feet, but in the mountains hardly any 
(wo spans are alike and several are over 
2,000 feet; at one point, where the line 
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crosses the gorge of the Little Tennessee 
River, the span length is 5,010 feet. The 
altitude of the line ranges from 700 feet at 
Aleoa to 2,600 feet in the mountainous 
sections, Part of the line, 16,72 miles, is 
on double-cireuit towers and the remain- 
ing 13.57 miles is on single-circuit towers. 
The single-cireuit towers are spaced on 70- 
The 
isokeraunic level in this area averages 


foot centers on one right-of-way. 


about 63 thunderstorm days per year and 
lightning is very severe. One of these 
lines was built in 1919 and the other in 
1927, using the same tower design. 

The lightning season extends from 
Mareh 15 to Oetober 1, Insulator flash- 
overs occur mainly in the mountainous 
section of the line from tower number 81 
to tower number 152, Prior to protective 
ieasures to this line beginning in 1944, 
line outages chargeable to lightning be- 
tween 1927 and 1943 were 111, or an 
average of 6,53 per year, as shown in 
Figure 2, 


Lightning Investigation 1928-1930 


As a result of lightning research in the 
field and laboratory in the 1920's?44 


wr 


/} 


re 


by C. L. Fortescue, F. W. Peek, Jr., anc 
others, valuable data were produce 
which encouraged Aluminum Compan 
engineers to establish lightning protec: 
tion techniques beneficial to this trans- 
mission line and its associated high-ten- 
sion equipment. ‘ 
i 

Improvement to Lines : 
Reduces Line Outages 


a 


Since 1944 continuous progress h 
been made in improving performance 
these lines. 

1. The relaying has been modernize: 
as the art of relaying progressed. The. 
lines and high-tension equipment now are 
protected by high-speed 4-terminal card 
rier relay system using Westinghouse type 
HZ relays and JY carrier equipment. 

2. Towers have been redesigned and 
two ground wires have been installed on 
all single-circuit towers and ground wires 
have been raised on all double-circuit 
towers, thereby improving shielding of the 
lines as shown in Figures 3 and 4. : 

3. Lightning arresters of 161 kv rating 
have beeninstalledonallterminals. Light- 
ning arresters were not installed at the 
Calderwood terminals until October 1950. 

4. Recognizing the progress made in 
the art of counterpoises‘ for protecting 
power transmission lines against damage 
from lightning surges where other meth- 
ods do not reduce the tower footing surge 
impedance to the desired level, it was de- 
cided to install sufficient counterpoises to 
properly balance tower footing resistance, 
insulation, spacing, and so forth, in 
January 1946. Tower ground resistances 
were measured with the ground wires” 


Table |, Tower Footing Resistance—231 Towers Measured with Ground Wire Disconnected 


— 


Range Number Range 
of of of 
Res. Ohms Towers Res. Ohms 
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Figure 1 (left). 
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S wy y® Transmission sys- 
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Cus Figure 2 (above). 
Hex Number of out- 
ae F ages per year due 


to lightning 


TWO SINGLE CIRCUIT TOWER LINES 
xorroor: DOUBLE CIRCUIT TOWER LINE 


Figure 3 (left). Orig. 
inal arrangement of 
ground wires 


——GROUND WIRE 


YEAR 


disconnected from the towers and found 
to range from “zero” to 130 ohms. Table 
I shows a tabulation of the tower footing 
resistances with ground wire disconnected 
in the ranges of 0-5, 6-10, 11-15 ohms, 
and so forth, on 231 towers before the in- 
stallation of counterpoises. Tower foot- 
ing resistances have not been measured 
since the installation of the counter- 
poises, however, the calculated resistance 
is less than 20 ohms. The line insulation 
consists of 10 10-inch disks on suspension, 
and 12 10-inch disks on dead ends. After 
investigation, it was decided that tower 
footing resistance could be reduced to ob- 
tain an over-all protective level of 10,000,- 


GROUND WIRE 


SINGLE CIRCUIT TOWER 


Figure 4 (right). Revised 
arrangement of ground 
wires 


DOUBLE CIRCUIT TOWER 
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TOWER 


DOUBLE CIRCUIT 
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{ | : Figure 5 (left), 
/ ' Typical counterpoise 
i Ne 4 > BY installation 
| /A.—Depends on 
A : 1 oA footing resistance of 
i } individual towers, 
‘ ‘ 100-foot minimum 
‘ 4 
{ 
\ 5 
‘ 
' 
~ — 
( | ’ 
\ \ 
\ i 
soa igtia 
| ' 
| 
\ A Figure 6 (right). 
A \ \ Special cable plow 
|+—!8 a | 
| J \ 
| | 
— | ae amount to approximately $0.30 per foot, 


000 volts and theoretically reduce flash- 
overs caused by lightning to 0,94 out- 
ages per 100 miles of line per year, It 
also was decided that protective gaps 
should be increased to 50 inches and this is 
in the process of being done at the pres 
ent time, 


Design and Installation 
of Counterpoises 


The amount of counterpoise to reduce 
tower footing resistance to the desired 
level was computed, The detailed design 
called for 5/16-ineh diameter, galvanized 
steel cable buried to a depth of 18 inches, 
Two counterpoise cables were used for 
each line approximately 26 feet apart, as 
Clamp-lype fittings 
were used for fastening cables to towers, 
Approximately 132,000 feet of counter 
poise were required or extended about 20 


shown in Migure 6, 


per cent of the total circuit miles, This 
counterpoise is connected to 120 towers or 
about 62 per cent of the total, Require- 
ments were such that continuous counter 
poise was used between only 20 towers, 
Unfortunately, most of the higher foot 
ing resistances were in very rugged ter- 
rain, ‘This presented complications on 
installations, ‘Che first thought was that 
hand labor would be necessary since the 
conventional cable plow, as designed by 
American ‘Pelephone and Telegraph Com 
pany, or even more rugged designs used 
by some of the neighboring utilities eould 
not be used, It was estimated that the 
cost of installation by hand labor would 
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because of the rugged terrain and the re- 
mote location of work requiring con- 
siderable travel time. 

In view of this expected high installa- 
tion cost, considerable study was given 
to mechanical methods of installation 
other than by the use of conventional 
plow previously described. After several 
methods were investigated and dis- 
carded, a special plow was designed for 
this job, This plow, shown in Figure 6, 
consists of a heavy duty pavement ripper 
tooth mounted on an adjustable frame 
actuated by a hydraulic hoist, is mounted 
on the rear of a D-8 Caterpillar tractor 
by pin hinges. The reel was designed for 
a 500 linear foot coil of cable, A reel ca- 
pable of holding one mile of cable can be 
substituted if required, 

Work on the installation was started 
January 15, 1946 and was completed 
April 80, 1946, A total of 132,000 linear 
feet of 5/16-inch galvanized steel stranded 
sable was installed. A total of 47,455 
linear feet of cable was installed by hand 
labor at a cost of $0.249 per foot. A total 
of 84,545 linear feet of cable was installed 
by plow at a cost of $0,099 per foot, or a 
saving of about 15 cents per linear foot by 
plow over hand labor, Unit cost against 
plowing cable includes back-fill, which 
was accomplished by running the D-8 
tractor back over the furrow. 


Line Outages Due to Lightning 
from 1944-1949 Reduced 


Referring to Figure 2, it will be noted 
that for a 17-year period, 1927-1944, the 
average line outages per year were 6.53 
and since 1944 the outages have averaged 
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1.16 per year. This is a reduction of 82 
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per cent or a ratio of a little less than 6-to- 


1 improvement in line performance. 


Since the completion of the counterpoise 
installation in 1946, line outages charge- — 


able to lightning through 1949 have 
averaged one per year. There have been 


no line outages on this line for the first ten — 


months of 1950. The performance of the 
line since 1946 is in accordance with the 
expected outage rate of less than one per 
year, The decreased line outages have 
resulted in fewer interruptions to produc- 
tion and have contributed to smoother 
operation of the interconnected systems 
in the southeast. 
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Discussion 


T. J. Allen (Georgia Power Company, 
Atlanta, Ga.): This paper is a report of the 


‘practicability of good transmission line 


shielding. Anyone familiar with the rugged 
terrain traversed by the line described will, 
1 am sure, agree that the results as reported 
justify the work done. 

Improved high-speed relays and oil cir- 
cuit breakers have done much to reduce the 
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conductor damage and permanent faults 
caused by lightning flashovers, but basically 
they do not prevent the flashover. If, how- 
ever, modern relays are used with high- 
speed circuit breaker reclosing, the service 
need not be interrupted becatise of a tran- 
sient flashover. 

The most improvement in the structure 
change was obtained on the single circuit 
towers, where the cone of protection was re- 
duced from 51 degrees on the outside phases 


‘to 27 degrees. Assuming that the mid-span 


clearances are adequate, you might expect a 


few more outages on this line than on a 


similar one over level country, because in 
many spans, especially the long ones, the 
conductors at mid-span sometimes are 100 
feet or more above the highest trees or other 
natural shield. 

To plow in counterpoise in this mountain- 
ous country was quite an accomplishment. 
It would be interesting to know if erosion 
has uncovered any of the counterpoise since 
installation, or how erosion was prevented. 
When the authors calculated the ground 
resistance as being under 20 ohms, I wonder 
if they made the same error we did in as- 
suming counterpoise ground resistance de- 
creased after installation. We made this 
assumption because the resistance could be 
lowered by running the tractor over the re- 
cently installed counterpoise, thus packing 
the earth around it. Therefore, we reasoned 
that after the rain had thoroughly im- 
bedded the counterpoise the resistance 
would be lower, or at least no higher than 
when installed. Check tests on the Georgia 
Power Company system made 12 months 
after installation indicated, however, that 
the ground resistance had increased from 15 
ohms to 29 ohms at six out of eight struc- 
tures tested. This fact has been confirmed 
in a report, by Grady L. Smith and R, C. 
Vickers! of counterpoise tests made at 
Meridian, Mississippi. This report com- 
pares the %year average of lightning in- 
terruptions of three double-circuit steel 
tower lines in Alabama, where the isokerau- 
nic level is considered 70. The Alabama re- 
port shows 11.8 single-cireuit and 17.8 
double-circuit interruptions per 100 miles 
per year for a line with one overhead ground 
wire and no counterpoise, compared with 
3.07 single-circuit and 0.55 double-circuit 
interruptions on a line with overhead ground 


_ wire and counterpoise. 


This record almost parallels the improve- 
ment reported by Mr. Housley, which, cal- 
culated for 31.5 (miles of exposure, shows 
20.7 interruptions per 100 miles per year be- 
fore and 8.68 miles per year after improve- 
ments were made, Therefore, it seems most 
of the improvement may be attributed to 
the addition of counterpoise. 
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I. B. Johnson and L. E. Saline (General 
Electric Company, Schenectady, N. Y.): 
Messrs. Housley and Harper have presented 
a report on the performance of a particular 
transmission line under severe lightning 


conditions. It is interesting to note the im- 


provement that resulted from the lowering 


of the tower footing resistance by the addi- 
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tion of counterpoise and by decreasing the 
protective angle of the ground wires, 

Similar results have been reported for 
other transmission lines and are summarized 
and disctissed by Dr, W, W. Lewis in his 
book.! Some of these results are given in 
Table I of this discussion, 

From this table it is seen that the outage 
rate for the Alcoa-Santeetlah Line is still 
quite high, This probably can be attributed 
to localized high isokeraunic level. Ex- 
perience indicates that further improvement 
in line performance might be obtained by 
using two ground wires on the double-cirenit 
towers, although it is appreciated that the 


protection obtained must be balanced 
against economic considerations. 
Additional information concerning the 


effect of line design on line performance will 
be made available when the Joint ATER: 
EEI Committee on Line Outages completes 
its report, 


REFERENCE 
TRANSMISSION SYarems 


W.W. Lewis, Joho 
1980 


1, Proregerron or 
AGAtNS? LIGHTNING (book), 
Wiley & Sons, Inc,, New York, N, Y,, 


A.S. Runciman (‘The Shawinigan Water and 
Power Company, Montreal, Can,):; For a 
80-mile length of line, the lightning outage 
record appears high, in the order of 20-30 
outages per 100 miles of line per year before 
counterpoising, This is reduced to about 8 
or 4 outages per 100 miles of line per year, 

If these results are compared with a sys- 
tem of considerably greater line mileage, it 
appears that still further improvement may 
be expected by measuring carefully, and re- 
ducing where high, the ground resistance, 

As an example, the Shawinigan Water and 
Power Company operates two lines which 
have never opened on lightning, One is a 
220-kv line 70 miles long and the other is 
a 110-kv line 85 miles long, Both lines 
were built in 1940, During construction 
ground-resistance measurements were made 
of all footings, and a maximum value of 
50 ohms per tower was set before making 
the continuous 2-wire counterpoise con- 
nections, Where ground resistance was 
greater than 50 ohms two extra continuous 
wires were added, making four in all to one 


tower beyond the last d0Q-ohm footing, 

This 220-ky line is instilated by 14 Sineh 
suspension discs and has the conventional 
two sky wires, Part of the right of way was 
quarry rock, 

It also was noted that near rivers the 
footing resistances were high, requiring the 
four counterpoise wires, 

From Table I of the paper it appears 
evident that enough data are available to 
make still further improvement in reducing 
lightning outages, 


Fred C., DeWeese (Carolina Power and 
Light Company, Raleigh, N, C.): In this 
day and time most transmission Hnes are 
required to operate generally at or near 
their maximum capacity supplying loads, 
the continuity of service of which is of vital 
importance, Interruption to service may 
not only cause loss in production, but other 
wise may be very costly, 

Messrs, Hotisley and Harper have written 
a very clear and concise paper dealing with 
the protection from Hghtuing of a given 
transmission Hne, and they are to be com 
mended for the thorough manner in which 
they have carried out their study and the 
step-by-step procedure employed to trans 
form a line which was previously a very bad 
actor to one now giving a very high standard 
of performance, When line outages caused 
by lightning for a length of ne as de 
ascribed by the authors has been reduced from 
a littl over 6.5 outages per year to a little 
over one per year, it indloates quite clearly 
that the methods employed have been very 
effective, The writer believes, however, 
that in many cases the tnatallation or re 
arrangement of static wires and the tnatalla 
tion of counterpoive are given more eredit 
than they justly deserve, since, ta moat 
cases (as pointed out in this paper) faster 
relaying and cireult breaker operation also 
are obtained stmultaneouly, This certalnty 
must account for at least a amall part of the 
improvement in line performance, 


Accessibility 


Th mountainous regions ustially some one 
or more locations along a given line are quite 
inaccessible, and every method known to the 
designer should be employed to localise 
posable fashover and burn-downa to loca. 


Table | 
——— ao : 
Outages 
/ Per 
| Hundred 
Yoara of Miles 
Kaperts Pew 
Line Kilovolts Physical Desoription ence Year 
Wallenpaupack-Slegfried aia VOM ee eR TO) MEO LLL WHR Gdicaniin ani ch ae ain vate can i Rear ® «| 
No counterpolae 
220 2 ground wivea and no couuterpolwe,..... 4.0... . 80 
220,...2 ground wires and short radiat.,.... Granta eo 
connterpolae (40 ft.) 
220,....9 ground wirea and continuoua,,.,,,.10 
comnterpolse 
Metropolitan Water District of, ,,,, 280, No LOWE EB ous a aren ome N Aa vairselt eee aide 
Southern California 280, 2 pround wires, , EOC Lin Ooae 
Aleoa-Santeetlah, ...cccces ees Sroenaboms a ground whee on “both ‘single ‘and. \7 +218 
double cireuit towers 
No counterpolse 
154,...1 ground wire on double elrenits ss... Biv §, 86 
towera 
2 ground wires on alaugle elreult 
towera 
Counterpoine— 
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tions which are accessible to vehicular 
traffic. For this reason, the writer has em- 
ployed graded insulation, the idea being that 
the higher insulation value at or near the 
top of the mountain will have a tendency to 
prevent flashover until the lightning stroke 
or charge has, at least, reached a point well 
down the mountain side. For example, in 
this particular case the line is inaccessible 
except to pedestrians for a distance of some 
6,000 feet on one side and is accessible by 
jeep only in good weather on the other side, 
and an outage on either side of this moun- 
tain, especially at night or when there is 
snow on the ground, would require an in- 
definite period of time to restore service. 

This matter is mentioned in this discus- 
sion as a matter of interest, and the writer 
would be pleased to know if anyone has em- 
ployed the method and what the results 
have been. This particular line is some 18 
miles long and consists of 336,400-circular- 
unit steel-reinforced aluminum cable and 
two overhead 3/8” high-strength-steel static 
unbonded hardware, no counterpoise. It 
has been in operation at 110 kv for about 18 
months, and there has been no interruption 
to service; however, I believe there have 
been two relay operations, 


Mid-Span Clearance 


Mid-span clearance between static wire 
and conductor is of importance especially in 
comparatively long spans; however, it is 
guite difficult without a considerable amount 
of calculations to determine the clearance 
except for the ruling span. To provide a 
simple method for finding the mid-span 
clearance to a close approximation for a 
given line atid span length, the writer has 
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developed the method illustrated here. A 
chart of this nature, however, must be pre- 
pared for each particular important line, the 
method of construction, of course, being 
very simple. It is necessary only to plot the 
sag at each given span for the static wire and 
also for the conductor, using the diagonal 
lines as a means for determining the mid- 
span clearance. It should be noted particu- 
larly that not only does the clearance in- 
crease with increased spans, but the shield- 
ing angle also is improved. 


Counterpoise 


The installation of counterpoise in moun- 
tainous regions is very difficult, and methods 
employed over the more level profiles, as the 
authors of this paper have discovered, are 
not readily applicable. The cost for counter- 
poise installation, exclusive of materials and 
the average over the more level profiles, 
usually runs from four to five cents per foot 
for plowing in and very probably in the order 
of 15 cents per foot for handwork. This is 
approximately half the cost for plowing 
in cable and approximately two-thirds of the 
cost for handwork as the figure given in the 
paper of about 10 and 25 cents per foot, re- 
spectively. 

This paper is timely, comes from an 
authoritative source, and should certainly 
be well received by the engineering profes- 
sion. 


J. Elmer Housley and John D. Harper: 
The interest shown and the information 
given in the various discussions are appre- 
ciated. No doubt, some further improve- 
ment in performance might be obtained by 


ow 

reducing the tower footing resistdtices 
still lower values; however, as a practi 
matter the law of diminishing returns 
effect here, and we doubt that further im- 
provement.is economically justifiable. 2 
same consideration applies to the matter 
adding a second ground wire on the dou 
circuit line. There were no outages in 19 
and thus far none in 1951, and we think 
the average over a period of years will | 
less than one outage a year for the 60 mi 
of line and that the outage per 100 mi 
computed for comparison will be less th 
two per year. 

In regard to Mr. Allen’s comment on 
change of counterpoise ground resistance, n 
measurements have been made; howeyer, 
the computation did not take into account 
any changes after installation. The per- 
formance record does not indicate that the — 
change, if any, in ground resistance has been 
material. The only action taken to prevent 
erosion was to dig cross-trenches on the 
slopes and hand-tamp the cross-trenches to _ 
break up any underground erosion around 
the counterpoise. a 

The method used by Mr. DeWeese for 
approximating the mid-span clearance be- 
tween ground wires and conductors is of 
considerable interest. The 5,101-foot span 
on these lines is overinsulated in comparison 
to the remainder of the line in an attempt to 
prevent flashovers at this point, and this 
means has been quite successful, although 
there have been a few flashovers at the 
dead-end towers on this particular span. 
This is done for about the same reasons as 
Mr. DeWeese gives for similar overinsula- 
tion. 

We wish to thank all the discussers for 
their contribution to this subject. 


Switching High-Voltage Shunt 
Capacitor Banks 


A. W. FUNKHOUSER 


NONMEMBER AIEE 


HE Indianapolis Power and Light 

Company recently installed on its 
system one of the first 34.5-kv capacitor 
banks in this country. This capacitor 
bank, totaling 7,290 kva, was part of a 
program of locating reactive generation 
close to reactive load in the most econom- 
ical and practical manner. 

As there were very little test data 
available on the performance of circuit 
breakers in switching large capacitor 
banks at 34.5-kv, oscillographic records 
were made when the capacitor bank was 
placed in service. The overvoltages pro- 
duced on the 34.5-ky system when the 
bank was switched, usually were less than 
2.0 times the normal line-to-ground crest 
value but did reach a value of 2.4 times 
normal on one test. These overvoltages 
are within the range generally produced 
in the interruption of reactive currents. 
They caused no disturbance on the 34.5- 
kv system, but did cause lightning ar- 
rester failures on two connected 4-kv 
feeder circuits. 

Investigation showed that a voltage 
surge at one voltage level produced by 
capacitor switching can set up relatively 
greater voltage oscillations at another 
voltage level under certain conditions of 
coupling and circuit constants. 

The circuit breaker design was modi- 
fied by auxiliary oil pistons after high 
power laboratory tests indicated this de- 
sign change to be most effective in reduc- 
ing both the magnitude and number of 
overvoltages produced in de-energizing 
the capacitor bank, This was borne out 
in final tests with the modified circuit 
breaker switching the 84.5-kv capacitor 
bank on the Indianapolis Power and 
Light Company system without any 
lightning arrester failures on the 4-kv 
feeders or other system disturbances. 
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R. C. VAN SICKLE 


FELLOW AIEE 


D. F. SHANKLE 


ASSOCIATE AIEE 


Capacitor Bank Construction Details 


The 34.5-kv 7,290-kva capacitor bank 
was installed at the Main Street general 
with a 
34.5-kv oil circuit breaker to switch the 
bank. The Main Street substation, as 
shown in Figure 1, is very close geo- 
graphically and electrically to three in- 
dustrial substations totaling 18,750 kva 
in capacity. Here on the utility com- 
pany’s property were existing facilities 
for control from the load dispatcher’s 
office, 

The bank, shown in Figure 2, consisted 
of three housed 2,480-kva assemblies 
each made up of 162 15-kva capacitor 
units with individual fuses. The units, 
rated 6,600 volts, were connected to form 
a $-phase ungrounded Y bank. Two 
6,000/120-volt potential transformers 
with 84.5-kv class insulation were con- 


distribution substation along 


nected between the three neutrals of the 
housed banks with voltage relays on the 
secondary windings to detect failed units. 
The metal housings in which the capac- 
itors are mounted were chosen to pre- 
vent personiel in the substation from 
contacting dangerous voltages when work- 
ing on nearby equipment as well as to 
keep out wire, sticks, and so forth, which 
might be thrown into the capacitor units 
and possibly cause an outage, Hach 
housed bank is a 8-phase unit with each 
phase and the neutral lead brought out 
to 84.5-kv bushings on the roof of the 
metal housing. Doors on each unit pro- 
vide access to the individual capacitor 
units for inspection and maintenance, 


Switching Tests and Results 


A single line diagram of the various 
system components involved in this 
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problem is shown in Figure 3. The 
Main Street substation has the 7,290- 
kva shunt capacitor bank connected to 
the bus by a 84.5-kv circuit breaker, Off 
the same bus are two 8,000-kva unit sub- 
Also 
shown is the Allison number 2 7,500-kva 


stations stepping down to 4 ky. 


substation with its associated 4-kv feeder 
circuits, The locations of the lightning 
arrester failures on these 4-kv feeders also 
are indicated, 

The energizing and de-energizing tests 
of the capacitor bank were made using 
a element magnetic oscillograph to 
record the currents and phase-to-ground 
voltages on the bus side of the capacitor 
circuit breaker, and the phase-to-ground 
voltages on the capacitor side of the cir- 
cuit breaker, The normal current to be 
interrupted was about 120 amperes, and 
restriking occurred during the tests. 
These restrikes produced voltages usually 
less than 2.0 times the normal line-to- 
ground crest value on the 84.5-kv system, 
but reached a value of 2.4 times normal 
on one test. These overvoltages are 
within the range produced in the inter- 
ruption of reactive currents. 

While no disturbances were produced 
on the 84.5-kv system by these overvolt- 
ages, lightning arrester failures did occur 
on two of the connected 4-kv feeder cir- 
cuits, Therefore, additional tests were 
made to investigate the reasons for these 
failures and to find a solution of the 
problem, 

The results of the tests on which oscil- 
lograms were made are given in Table I, 
The tests were made as a series of closing 
tests, followed after an interval of about 
five minutes by an opening of the capac- 
itor circuit breaker, The tests were 
made with industrial load on the adjacent 


substations, The 84.5-kv system im- 


Paper 51-18, recommended by the ALLE Switchgear 
and Transmission and Distribution Committees and 
approved by the ATH Technical Program Com- 
mittee for presentation at the ATE E Winter General 
Meeting, New Vork, N. Y¥., January 22-26, 1051, 
Manuscript submitted October 24, 1950; made 
available for printing November 17, 1950, 


A, W, Ponxnovsnr is with the Indianapolis Power 
and Light Company, Indianapolis, Ind,, and R, C. 
VAN Srekiw and D, F, SHANK LW both are with the 
Westinghouse Electric Corporation, Bast Pitts. 
burgh, Pa, 
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pedance at the Main Street 34.5-kv bus 
was approximately 19 per cent on a 
100,000-kva base. During the first nine 
tests no system disturbance involving 
damage to system equipment occurred. 
On the last opening (Test 10) a lightning 
arrester failed on phase ‘“‘c” of a 4-kv 
feeder F24 off the 4-kv bus of the Allison 
number 2 substation. For this test the 
oscillogram indicated a maximum over- 
voltage of 1.87 times the normal line-to- 
ground crest voltage on the Main Street 
34.5-kv bus. This voltage was not con- 
sidered excessive because it was within 
the range reached while opening induc- 
tive circuits, and equally high voltages 
had been reached on some of the pre- 
ceeding tests. The oscillogram taken of 
the voltages on the 34.5-kv bus and 
capacitor bank during this test, Figure 
4, shows two reignitions of one phase fol- 
lowed by a restrike between the two 34.5- 
kv phases “A” and ‘“‘C”’ corresponding to 
the 4-kv phase-to-ground voltage, ‘“‘c’’, on 
which the lightning arrester failed. (A 
reignition is defined as current flow re- 
suming after a pause in the current of less 
than one-quarter of a cycle, and a re- 
strike is defined as current flow resuming 
after a pause in the current of one-quarter 
of a cycle or more. A quarter-cycle is 
assumed to be the minimum which can 
cause overvoltages.) 

There was no apparent reason for this 
lightning arrester failure on the 4-kv 
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feeder from the Allison number 2 sub- 
station bus so testing was discontinued 
until the following week. A time was 
chosen when possible system disturbance 
would not affect service continuity to the 
industrial loads in the area. In this next 
series of five opening tests, lightning ar- 
resters again failed on the 4-kv feeders 
from the Allison number 2 substation bus. 
These occurred on the second, fourth, 
and fifth opening operations of the capaci- 
tor circuit breaker. 


3000 KVA 


7290 KVA 
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BANK “ KV | 4 KV 
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Figure 3. 
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Location of Main Street capacitor bank and industrial 


substations 


7,290 kva capacitor bank installation at the Main 
Street 34.5-kv substation 


Table II shows the results taken from 
the oscillograms made on these five open- 
ing tests having the even test numbers 
12, 14, 16, 18, and 20. On Test 14a 
lightning arrester failed on feeder F25, 
“c” phase, about 1,100 feet from the 
Allison number 2 substation and about 
60 cycles later short-circuited a 34.5-kv 
line located above it on the same pole. 
The oscillogram made on this test is 
shown in Figure 5. It produced four re- 
ignitions and one restrike that produced 
2.2 times normal voltage on the 34.5-kv 
bus. 

Test 16 was made after replacing the 
lightning arrester that had just failed on 
feeder F25. This opening of the capacitor 
circuit breaker resulted in one reignition 
with no transient overvoltage on the 34.5- 
kv bus and no system disturbance. Dur- 
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Figure 4. Main Street 34.5-kv bus voltages 
and capacitor voltages and currents during 


first lightning arrester failure on 4-kv feeder 
F24 off Allison Number 2 substation bus 


ing this test the oscillograph recorded 
the 4-kv bus phase-to-ground voltages 
at the Main Street substation where no 
lightning arrester failures were occurring. 
There was no apparent difference in 
oscillation frequency of the 34.5-kv and 
4-ky bus voltages, and no transient over- 
voltage on the Main Street substation 
4-kv bus. 

Test 18 caused failure of the new 
lightning arrester which had replaced the 
one destroyed on ‘‘c”’ phase of F24 during 
the first day of testing. There was no 
apparent difference in oscillation fre- 
quency of the 34.5-kv and 4-kv bus volt- 
ages at the Main Street substation. The 
maximum 4-ky voltage obtained was 1.5 
times normal on ‘‘C’’ phase. 

On Test 20 another 3-kv lightning ar- 
rester failed on the same feeder F24, this 
time approximately 1,100 feet away from 
the Allison number 2 substation. The 
oscillogram, Figure 6, showed that the 
maximum 4-ky bus voltage at Allison 
number 2 was 2.7 times normal on ‘“‘c”’ 
phase and the maximum 34.5-kv bus 


Figure 5. Main Street 34.5-kv bus voltages 

and capacitor voltages and currents during 

lightning arrester ‘failure on 4-kv feeder F25 
off Allison Number 2 substation bus 
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voltage at Main Street was 1.8 times 
normal on “‘A’”’ phase. It also showed 
that the voltage oscillations on the 4-kv 
bus at Allison number 2 were at a higher 
frequency and sustained for a longer time 
than on the 34.5-kv bus. 

To study these oscillations a third 
series of de-energizing operations were 
made while the Allison plants were closed 
for vacations. The purpose of these tests 
was to obtain comparative magnitudes 
and frequencies of voltage oscillations on 
the 34.5-kv and 4-kv busses at Main 
Street, and the 4-kv bus and feeder F24 
at the Allison number 2 substation. 
Twenty-one oscillograms were obtained 


Figure 7 (right). 
Oscillograms show- 
ing different tran- 
sient frequencies on 
Main Street sub- 
station 34.5-kv bus 
and Allison Num- 
ber 2 substation 4- 
kv bus 
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Figure 6. Main Street 34.5-kv bus voltages 

and Allison Number 2 4-kv bus voltages 

showing different transient oscillation fre- 

quencies. Lightning arrester failure on F24 

1,100 feet from Allison Number 2 substation 
4-kv bus 


and no damage to system equipment oc- 
curred. On six tests no reignition or re- 
strike occurred. The system impedance 
at the Main Street 34.5-kv bus was about 
26 per cent on a 100,000-kva base for the 
first nine of these tests caused by a 34.5-kv 
line being open for maintenance. For the 
remaining tests the impedance was about 
19 per cent as during earlier tests. 

An oscillogram typical of these tests is 
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shown in Figure 7. Analysis of this 
oscillogram indicated that the 34.5-kv bus 
voltage oscillation frequency at Main 
Street was about 660 cycles per second as 
compared with the Allison number 2 4-kv 
bus voltage oscillation frequency of ap- 
proximately 1,130 cycles per second. 
Other oscillograms indicated that the 
34.5-kv bus and 4-kv busses at Main 
Street substation had voltage oscillations 
substantially of the same frequency, 480 
cycles per second. While the phase-to- 
ground voltages at the Main Street 34.5- 
kv and 4-kv busses did not exceed 2.06 
times normal, voltages at the Allison 
Number 2 substation went as high as 
2.75 times normal. 

This series of tests demonstrated 
the possibility of a driving voltage 
surge at one voltage level, such as pro- 
duced by circuit breaker restriking dur- 
ing capacitor de-energization, setting up 
relatively greater voltage oscillations at 
another voltage level under certain con- 
ditions of coupling and circuit constants. 


Modified Circuit Breaker Design 


Since a number of the tests showed it 
was possible to de-energize the capacitor 
bank without restriking, the interrupters 
were studied to determine whether a 
modification could be made which would 
give this performance on all tests. The 
need was for an interrupter which at low 
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Figure 8 (left). 
pistons. Contacts in the open position. 


Figure 9 (above). 
operating oil pistons. 


currents deionized the are path and estab- 
lished dielectric strength equal to 2.5 
times the crest of the normal line-to- 
ground value in 0.5 cycle. Such perform- 
ance already was given by high-voltage 
circuit breakers with interrupting times 
of three cycles. These circuit breakers 
have oil pumps which inject small quan- 
tities of oil between the contacts of the 
interrupter to effect low current inter- 
ruption. The addition of this feature to 
the 34.5-kv deion grids was chosen after 
it and other alternatives were studied in a 
series of high power laboratory tests at 
East Pittsburgh. 

The high power laboratory circuits were 
connected to give approximately the same 
results as obtained on the Indianapolis 


Modified circuit breaker interrupter including oil 


Experimental model 


Circuit breaker moving contacts showing arms for 
Contacts in the closed position. 


Experimental 
model 


Power and Light Company system. 
Voltage was generated at 13.2 kv and 
stepped up by transformers to 34.5 kv. 
A circuit breaker switched a 3-phase 
ungrounded bank of capacitors at this 
voltage. Connected to the 34.5-kv 
bus was a bank of power transformers 
stepping down to 5.2 kv, the nearest step 
to 4.0 kv. Lightning arresters of the 
same type used on the 4.0-kv Indianapolis 
Power and Light Company system were 
connected to this circuit, the voltage still 
being within their rating. 

To establish that the circuit gave ap- 
proximately the same results as the cir- 
cuit at Indianapolis, tests were made 
with the circuit breaker equipped with 
the same type of interrupter, and the re- 


Table |. Initial 34.5-Kv Capacitor Switching Tests—Arnalysis of Oscillograms 
Maximum Voltage Maximum Voltage Peak Current 
Restrikes Capacitors to Gnd Bus to Gnd Times Normal Crest 
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8 O....1.41/0.23/1.41..3..0. .3..2..70..2.30. 3.07) ..1.78..1.00. 1. d2* 2.0422 eee 
9 QO... .1.03/0.68/1.03...2,.0..1,..1.62...1.12.).1.80*8,1.68., 1.14. .1.80) 2214 Onan een 
10 O....1.11/0.69/1,11. 53. 1. .2..1.73..1.25..1.60 . 21.87.1002. 01.60) 2. 1450s omen 
*From capacitor voltage record. 
tC =closing capacitor circuit breaker; O=opening capacitor circuit breaker. 
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Table Il. Second Series of 34.5-Kv Capacitor Switching Tests—Arnalysis of Oscillograms 
Maximum Voltage Maximum Voltage Peak Current 
Restrikes Capacitors to Gnd Bus to Gnd Times Normal Crest 
Test Type Arcing Cycles A BC A B Cc A B Cc A B Cc 
Be ae Oveis AOS OndO/peteeneO sri OO= 100) an lide <2 60° «.1, 00.01. 85,..011.0..23.2) . 14 
1.08 
Wien Own. 1090/0. 74/ .23...2..4..1.6—..1.79 PSen..2.c0)..2.28..2,10. 115 ..6.4 2.1209 
1.09 2.3 2.00 
Main St. 4-Kv 
(4 Voltage 
Lape On. .0/.25/0.25...0..0..0..1.43..1.63 ..1.75 1,00 ..1.00..1.00 
UR Bae 0 aaa MAS / LAD) eta ene aued 1 vk Go. 1k. OO. 2.27%. . 1,00. 64.70..1,22 ..1.200. 1550 
1.44 1.37 2.42 
Allison No. 2 4-Kv 
Voltage 
eM RCO CD/O80/ 6.02.0 Lee Dress veasccecctcseccecs TSO clint Ors oh AGO cormntere 2.70 


0.85 


*34.5-kv voltage collapsed ‘‘C’’ phase 593/; cycles after circuit breaker cleared, ‘‘B’’ phase 623/; cycles; 


voltage restored 64 cycles. 


**No record of lightning arrester failure on this film. 


+4-kv fault after second restrike, on phase ‘‘c’’, cleared in 1!/2 cycles. 


sults were similar, even to the prompt 
destruction of the set of 3-kv lightning 
arresters. These lightning arresters were 
replaced with a different kind which did 
not fail when subjected to the same test. 
These lightning arresters remained on the 
5.2-kv circuit for the remainder of the 
high power laboratory tests. 

Various alternative interrupters were 
tried to establish their performance on 
this circuit. The one that gave the best 
performance was a modification of the 
deion grid which caused oil to be pumped 
into the space between contacts. The 
modified interrupter is shown in Figure 
8. The device was prepared for operation 
by the moving contact charging the cylin- 
ders with oil by raising the pistons and 
compressing the piston driving springs 
during the closing stroke. On opening, 
the moving contacts draw the arcs and 
release the pistons which under action 
of the springs, force oil under pressure 
into the are space to drive out the gases 
produced by arcing. 

The moving contacts were fitted with 
arms which operated the pistons in the 
oil pumping devices as shown in Figure 
9. The ends of the moving contacts 
were reduced in cross section so that the 
are position was closely determined and 
the oil passages formed in the upper sec- 
tion of the grid could be brought close 
to the arc. In that manner only a small 
quantity of oil needed to be pumped. 

The high power laboratory tests with 
these experimental grids showed that on 
21 tests there was only one restrike 
producing a maximum voltage of 1.9 times 
normal on both the 34.5-kv bus and the 
5.2-kv bus. On 21 tests at 33 kv the cir- 
cuit breaker restruck once with a maxi- 
mum 5,.2-kv bus voltage of 1.4 times 
normal crest line-to-ground voltage. On 
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Not seen in 34.5-kv records. 


17 tests at 38 kv, it restruck once with a 
maximum voltage on the 5.2-kv bus of 
2.3 times normal voltage. The circuit 
breaker also was tested to be sure that 
it was capable of closing against, and 
opening the~ short-circuit kilovolt-am- 
peres it would encounter at 34.5 kv. 

A set of interrupters was made to this 
design and installed on the circuit breaker 
at the Main Street substation for switch- 
ing the 34.5-kv capacitor bank. 


Final Tests 


After installation of these interrupters 
a final series of 22 de-energizing tests 
were made with no damage to system 
equipment. Only one restrike and one 
reignition occurred in this series of tests. 
These are shown in the oscillograms of 
Figure 10 along with a de-energizing test 
showing no restrikes or reignitions as ob- 
tained on all the remaining tests. The 
maximum voltages produced were 2.1 
times normal on the Main Street sub- 
station 34.5-kv bus and 1.9 times normal 
on the Allison Number 2 substation 4-kv 
bus. 

After these tests, the capacitor bank 
was put into regular operation on the 
following schedule: Monday through 
Friday, on at 8:00 a.m. and off at 4:00 
p.m.; Saturday, on at 8:00 a.m. and off 
at 12:00 noon; off on Sundays and holi- 
days. During ten months of operation 
no damage to system or capacitor equip- 
ment has occurred. 


Conclusions 


This installation of a 34.5-kv 7,290- 
kva shunt capacitor bank on the Indi- 
anapolis Power and Light Company 
system demonstrated that high-voltage 
shunt capacitor banks can be switched 
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CAPACITOR CURRENT. 


MAIN ST. SSKV.BUS VOLTAGE 3 


Figure 10. Oscillograms of field tests made 
with final interrupter 


Test 21, the one reignition 
Test 9, the one restrike 
Test 22, typical of remaining 20 interruptions 


without exceeding 2.5 times normal 
phase-to-ground voltage on the bus, a 
value in the range produced by interrup- 
tion of short circuit currents. 

There may be cases with certain con- 
ditions of coupling and circuit constants 
where restriking during capacitor switch- 
ing produces surges which cause rela- 
tively higher voltages on other induc- 
tively coupled circuits. 

In these special cases, circuit breakers 
can be equipped with special interrupters 
which reduce the overvoltages in both 
number and magnitude. 
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Discussion 


H. A. P. Langstaff (West Penn Power Com- 
pany, Pittsburgh, Pa.): Congratulations to 
the authors and others responsible for con- 
ducting these tests and presenting the con- 
clusive results, which are of great value to 
the electrical industry. It would be of con- 
siderable interest to know more about the 
economics of the installation on the Indi- 
anapolis Power and Light Company System. 
I also would like to know what 3-kv light- 
ning arresters were involved. 

In November 1945, the West Penn Power 
Company connected to their 25-kv system 
one 3,240-reactive-kilovolt-ampere (kvar) 
bank of outdoor capacitors through an old 
37-kv electrically operated manually con- 
trolled oil circuit breaker (see Figure 1 of this 
discussion). The capacitor installation is 
located on the property of one of our oldest 
power stations and is connected to one of 
two 25-kv lines between the power station 
and an adjacent substation. Restrikes 
within this circuit breaker when opening 
caused insulation failures in 1949, one failure 
being in an insulator on the power station 
4-kv bus, the other at a remote point, 
namely, in the 100-watt lamp sockets in the 
Laurel Mountain Tunnel of the Pennsyl- 
vania Turnpike. After considerable study 
involving costs for new switching equip- 
ment, the problem was solved by eliminating 
the opening of the capacitor circuit breaker 
and in its place the 25-kv line is dropped by 
first opening the oil circuit breaker at the 
power station, followed by the opening of a 
4-contact break Condit circuit breaker at 
the substation located 10 miles away. Oscil- 
lograph tests proved a limited number of 
restrikes went up to 1.33 times normal volt- 
age after 1/2 of a cycle. This switching 
arrangement has caused no further disturb- 
ance—quite an economical solution to the 
problem. 

In December 


1949, two 4,500-kvar 


capacitor banks were connected to our 44-ky 
solidly grounded system by means of old- 
type FO-40C 37-kyv Condit circuit breaker 
(see Figures 2 and 3 of this discussion). 
These are controlled automatically from a 
voltage relay and have been in service about 
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one year with only one possible insulation 
failure on the terminal board of a 44-kv 
transformer. There have been several 
hundred operations on each circuit breaker. 

In December 1950, we connected three 
4,950-kvar capacitor banks to the 25-kv 
system at main substations, using the oil 
circuit breakers available on the system. 
A typical installation of these 25-kv ca- 
pacitors is shown in Figures 4, 5, and 6 of 
this discussion. Two banks are provided 
with automatic voltage controls, but the 
switching is limited by means of a time 
clock to between 10:00 p.m. and 7:00 a.m. 
This prevents any tripping with possible 
restrikes during the day. This control 
arrangement is proving satisfactory. 

Within a period of 2!/. months, 18,280 
kvar in capacitors were purchased, installed, 
and placed in service at a cost of $6.44 to 
$7.72 per reactive kilovolt-ampere, or an 
average cost of $6.82 per reactive kilovolt- 
ampere. 


Edward Beck (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The paper 
mentions the transient voltages produced in 
the 4-kv system as a result of switching the 
capacitor bank on the 34.5-kv system. 
These voltages are of interest in the applica- 
tion of lightning arresters to the distribution 
circuit, as shown by the statement in the 
paper that lightning arresters on the 4-kv 
system were damaged. This occurred dur- 
ing the field tests and later during the labo- 
ratory tests. The results corroborate the 
wisdom in high 60-cycle sparkover values 
for distribution lightning arresters, a prac- 
tice followed in the design of Autovalve and 
de-ion lightning arresters for which those 
lightning arresters sometimes have been 
criticized. The margin between distribu- 
tion apparatus insulation and the impulse 
characteristics of distribution lightning 
arresters is large, and relatively high values 
of lightning arrester sparkover are permissi- 
ble. Thereby the lightning arresters, as 
well as the apparatus, are safeguarded 
against damage, because with adequate 60- 
cycle sparkover the probability of lightning 
arrester operation on switching transients 
becomes small. The minimum 60-cycle 
sparkover of 3-kv Autovalve distribution 


Figure 1 (left). 


Figure 3 (right). 


Figure 2 (left). 


Figure 4 (right). 


lightning arresters as manufactured is 9 kv 
rms. Such lightning arresters rode through 
the laboratory tests described in the’ paper 
without damage. 


F. M. Porter and C. P. Zimmerman (Ameri- 
can Gas and Electric Service Corporation, 
New York, N. Y.): This paper, covering 
tests made in connection with one particular 
high-voltage capacitor bank, provides fur- 
ther data such as outlined in our recent 
paper.! It is hoped that additional-data . 
will be accumulated and reported in the 
future, since the application of capacitors, 
particularly in banks rated 22 kv and above, 
is relatively new and several problems in 
connection with such banks are in need of 
further solution. 

It is noted that in the 7,290-kvar bank 
discussed in the paper the problem of over- 
voltage on individual capacitor units caused 
by the failure of one or more units in a given 
series group is taken care of by the use of a 
potential transformer between the neutrals 
of two Y-connected sections. This trans- 
former energizes a voltage relay and meas- 
ures the shift in the neutral voltage caused 
by an unbalance in the number of capacitors 
per phase. It would be interesting for the 
authors to give the sensitivity of this relay- 
ing scheme, particularly the magnitude of 
the unbalance voltage used for relaying. 
Were any tests made to verify the per- 
formance of this relaying scheme, such as 
deliberately disconnecting capacitor units? 

It originally was decided to utilize on our 
capacitor banks a current transformer be- 
tween the bank neutral and ground; how- 
ever, in practically every case in which this 
was tried, third harmonic currents from 3.5 
to 26 amperes were encountered, which pre- 
vented the use of standard overcurrent re- 
lays. Consequently, it is our practice now 
to split the banks wherever possible into 
two Y-connected sections, utilizing a cur- 
rent transformer between the two neutrals. 
Splitting the capacitor bank into two Y sec- 
tions, however, doubles the minimum size of 
bank that can be protected satisfactorily 
against overvoltage on individual units. 
Since it appears, therefore, that it will be 
necessary to resort to single Y-connected 
banks in some cases, a practical relay scheme 
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- not affected by third harmonic currents will 
have to be developed. Several possible 
schemes are now being investigated. 

The modification of the 33-kv circuit 
breaker mentioned in the paper was made 
necessary because 3-kv lightning arresters 
failed at several stations connected to the 
same system. It would be interesting to 
know the type of lightning arresters that 
failed and those which were finally installed. 
These failures could have been due either to 
excessive voltages beyond the lightning 
arrester rating, which were caused by re- 
strikes permitted by the circuit breaker, or 
to discharge currents from the capacitor 
bank in excess of those which the lightning 
atresters were capable of dissipating. We 
wonder if the authors obtained any informa- 
tion which substantiates the actual cause of 
the lightning arrester failures. We presume 
that these failures were not caused by tran- 
sient overvoltage conditions established by 
re-energizing the capacitors too soon after 
they were de-energized. We have experi- 
enced a few lightning arrester failures 
attributed to such switching, but after the 
operators were cautioned to take a minimum 
period of 11/2 minutes before re-energizing a 
capacitor bank or during circuit breaker 
tests to open the disconnect switches be- 
tween the bus and the capacitor circuit 
breaker, no further lightning arrester fail- 
ures have been reported. 

All of the high-voltage capacitor banks on 
the American Gas and Electric Company 
System are mounted on steel racks using 
outdoor-type capacitors, because this ap- 
peared to be the most economical in cost 
and space required. It would be interesting 
to learn the cost per kilovolt ampere (in- 
cluding the circuit breaker) of the cabinet- 
type arrangement used by the authors and 
to learn the reason why they decided to use 
this type of arrangement in preference to a 
completely outdoor setup. 

Apparently, in considering the modifica- 
tion of the circujt breaker to limit the over- 
voltages, the use of resistors also was taken 
into account, but was finally given up in 
favor of an oil piston. Was there any dif- 
ference in the magnitude of overvoltages 
permitted by either type of modified inter- 
rupter, and for what particular reasons was 
the oil piston decided on? This point is 
quite interesting to us because 12 of the 13 
34.5- and 46-kv oil circuit breakers which 
we have in service controlling 33- and 44-ky 
capacitor banks have resistors, and no diffi- 
culties with restrikes or overvoltages have 
been reported as yet after a year or more of 
operation. It might be mentioned, in pass- 
ing, that we have had a standard 34.5-kv 
circuit breaker without resistors controlling 
a 3,075-kvar 22-kv capacitor bank for a 
period of 21 months to date with no troubles 
encountered. 

One of the phases of switching high-voltage 
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Figure 5 (left). 


Figure 6 (right). 


capacitor banks that we feel has not been 
ascertained too definitely is the frequency at 
which the oil circuit breakers must repeti- 
tively switch capacitor banks, particularly 
those under time-clock or voltage control 
and how often the circuit breakers must be 
inspected to determine the condition of their 
oil and contacts. Our 34.5-kv circuit 
breakers have averaged 500 operations to 
date and still appear to be in good condition. 
Just how far the inspection period can be 
extended is difficult to say at this time. Per- 
haps the authors can report on their experi- 
ence in this regard. 
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N. E. Dillow (General Electric Company, 
Schenectady, N. Y.): The authors are to be 
commended for reporting the investigation 
which showed that a voltage surge at one 
voltage level produced by capacitor switch- 
ing can set up relatively greater voltage 
oscillations at another voltage level under 
certain conditions of coupling and circuit 
constants. 

However, certain comments can be 
emphasized on the experience observed on 
this installation of a 34.5-kv, 7,290-kvar 
shunt capacitor bank. The experience indi- 
cates that a limitation does exist in the size 
of the capacitor bank which can be switched 
satisfactorily by a standard circuit breaker. 
It is of interest to note that the bank size is 
much smaller than is being considered by 
certain industry groups as within the reason- 
able capacitor-switching range for power 
circuit breakers. 

Furthermore, the modified circuit breaker 
using an auxiliary device to pump oil into 
the space between the contacts did reduce 
the number of restrikes, but did not entirely 
eliminate restrikes and reignitions. It is 
not to be inferred that it is felt that the 
elimination of restrikes is a necessary cri- 
terion for satisfactory operation. A rational 
criterion for satisfactory circuit breaker 
operation is that the phase-to-ground volt- 
age on circuit opening does not exceed the 
theoretical phase-to-ground voltage on cir- 
cuit closing. Re-establishment of the arc 
may be permitted during circuit interrup- 
tion provided this voltage limit is not ex- 
ceeded. It should be noted that a limited 
number of restrikes and/or reignitions of the 
are during circuit interruption are not of 
themselves detrimental unless excessive 
voltages accompany the phenomena. If it 


can be demonstrated that the voltage on 
circuit interruption can be held to a reason- 
able limit, such as established by the pre- 


ceding criterion, then satisfactory per- 
formance can be obtained. 


E. B. Rietz and C. J. Balentine (General 
Electric Company, Philadelphia, Pa.): This 
paper covers an application field similar to 
that described by Messrs. F. M. Porter and 
C. P. Zimmerman in their recent paper.! 
The solution used by the authors is similar 
to that of high-voltage impulse circuit 
breakers except that with these circuit 
breakers the mechanically driven oil piston 
moves enough oil to prevent restriking en- 
tirely. We know that an oil piston can be 
made to do a good job of interrupting ca- 
pacitive currents. 

However, it is interesting to call to your 
attention the results that can be obtained 
by providing a shunting resistor with prac- 
tically standard interrupter units to do this 
job. As is well known, these resistor units 
have been used for a number of years on 
high-voltage circuit breakers to assist in the 
interruption of line-charging currents, and 
during the last several years wide use has 
been made of this same principle to provide 
proper circuit breakers in the 15 to 69 kv 
classes for switching of capacitor banks. 
Our criterion for the successful operation of 
these resistor units has been a voltage limit 
of not more than two times normal instead 
of the 2.5 times referred to in this paper. 
The many tests that have been made on 
resistor-equipped circuit breakers indicate 
that this is possible without hazarding any 
of the excellent interrupting performance 
characteristics of oil-blast interrupters. We 
feel that for the general run of tank-type 
circuit breakers, resistor units provide a 
rather inexpensive and effective means to 
obtain satisfactory switching ability. 

In this connection, resistor-equipped cir- 
cuit breakers are considered suitable for 
switching capacitor banks up to at least 
30,000 kva in the voltage classes of 15 to 69 
kv. The performance demonstrated on the 
equipment described in this paper certainly 
gives no indication of what could be expected 
on banks of such ratings. 
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Alexander Dovjikov (Bonneville Power 
Administration, Portland, Oreg.): We were 
familiar with the overvoltages produced 
during interruption of line-charging currents 
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Figure 7. Minia- 
ture circuit repre- 
sentation 


on our long 230-kv lines, and our specifica- 
tions for the line circuit breaker permitted 
not more than one restrike. In preparing 
specifications for large shunt capacitor bank 
circuit breakers we were even more cogni- 
zant of the effects of overvoltages that may 
be produced by the restrikes in the circuit 
breakers, and the following is a paragraph of 
our specification for 115-kv circuit breakers 
for switching 15,000-kva 115-kv capacitor 
banks. Defining a restrike as “‘any current 
conduction between breaker contacts fol- 
lowing an interval of zero current of 1/8 
cycle or more in duration,”’ the specification 
permits “not more than two restrikes per 
interruption and with no restrike between 
contacts following any interval of one- 
quarter cycle or more during which current 
is zero.’ A similar requirement is in our 
specification for circuit breakers switching 
13.8-kv large capacitor banks. 

In our previous staged field tests of 
switching lines and capacitor banks, we 
usually recorded oscillographically the volt- 
age on the bus and on lines and capacitors 
during switching period, and our observed 
values of overvoltages correspond to those 
of the authors of this paper. As the values 
measured were below the insulation 
strength, either of the bus or of any switched 
equipment, we always had difficulty in proy- 
ing to manufacturers of circuit breakers that 
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the restrikes may be harmful to the system. 
Because of the lack of a sufficient amount of 
appropriate recording devices we could not 
prove by direct meastrrements the well- 
based suspicion (which was proved by the 
authors of the paper if not by measurements 
then by destruction of lightning arresters) 
that ‘“‘a voltage surge at one voltage level 
produced by capacitor switching can set up 
relatively greater voltage oscillation at 
another voltage level under certain condi- 
tions of coupling and circuit constants.” 
As these “conditions” are very difficult to 
precalculate and would change as fast as 
the system itself, we believe in elimination 
not of these conditions (which we could not 
discover and eliminate anyhow), but of the 
source of overvoltage, that is, elimination of 
restrikes in the circuit breakers opening 
capacitive currents—whether of static ca- 
pacitors or of long high-voltage lines. 

We hope that the experience of the 
authors may stimulate further development 
in the art of circuit breaker design—we hope 
in the direction of the compressed air circuit 
breaker—and for voltages not only of 13.8 
ky, but higher. 


I. B. Johnson and J. R. Stevenson (General 
Electric Company, Schenectady, N. Y.): 
Although perhaps dealing with rarities, the 
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Figure 8. Maximum voltage across C; for one restrike versus magnitude of C, 


136 


Funkhouser, Van Sickle, Shankle—Capacitor Banks 


field experience and data presented in, this 
paper on relatively greater voltage oscilla- 
tions being produced at one voltage level 
compared with those at another voltage 
where a capacitor bank was being switched 
are of interest and significance in system 
design. That these phenomena are a func- 
tion of certain circuit constant relationships 
and circuit configurations as stated by the 
authors also was demonstrated in a tran- 
sient analyzer study on an idealized minia- 
ture system.!? by 

In Figure 7 of this discussion is shown the 
miniature circuit studied. This circuit was 
considered to simulate approximately the 
essential circuit elements involved in the 
field system experience. The ungrounded 
Y capacitor bank, C,, is being switched 
through same system reactance, Z;. Con- 
nected to the capacitor bank C, on the 
source side of the switch S is another ca- 
pacitor bank, C, (possibly at another voltage 
level) through a delta-Y transformer bank. 
The delta-Y transformer bank is composed 
of miniature single-phase 1 to 1 transformers 
and the through 60-cycle reactance of one of 
the single-phase transformers is 18 ohms at 
60 cycles. The values chosen for LZ; and C, 
in one series of tests are shown in Figure 7 
of this discussion, while C, was varied. 

Figure 8 of this discussion shows the 
voltages recorded as a function of the 
capacitance C, when one phase interrupts 
the charging current to one leg of the capaci- 
tor bank C, and then restrikes, keeping the 
other phases closed. The instant of restrik- 
ing was adjusted to produce maximum tran- 
sient voltage on the Y side of the trans- 
former. The corresponding voltages are 
given in per unit of normal line-to-ground 
voltage on the delta side of the transformer 
and in per unit of normal line-to-neutral 
voltage on the Y side of the transformer. 
It is seen, then, that for a critical range of 
values of C, the line-to-ground voltages in 
per unit on the Y side of the transformer 
are appreciably greater than those on the 
delta side. For example, with C, = 0.3 
microfarad, the per unit values are 3.7 and 
2.3, respectively. 

Other studies on the transient analyzer in 
which C; was varied and in which the switch 
S was closed to energize the open capacitor 
leg without restriking indicated: 


1. Peak transient voltages across C2 or from line 
to ground on the Y side of the transformer occurred 
for approximately the same ratios of C; to C) where 
Ci is appreciably greater than Co. 


2. The peak transient voltages increased as Ci was 
decreased, so that for C: =4 microfarads the line-to- 
ground voltage on the Y side of the transformer was 
3.75 as compared with 2.7 with C: =25 microfarads. 


It is to be mentioned that the possible damp- 
ing effects of any load were not included in 
any of the studies. 

Thus, for these special cases, there is an 
increased desirability in using circuit 
breakers equipped to reduce or keep to a 
minimum value the overvoltages that may 
result upon switching capacitors which are 
playing an ever-increasing part in power 
system design and operation. 
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A. W. Funkhouser, R. C. Van Sickle, and 
D. F. Shankle: The authors are grateful to 
the discussers of this paper for their contri- 
butions of additional operating experience 
and opinions on the subject of switching 
high-voltage shunt capacitor banks. The 
discussions indicate some variation of 
opinion as to the type of switching equip- 
ment to use, as well as the magnitude of 
overvoltage to allow during switching. 

Mr. H. A. P. Langstaff’s discussion was 
most interesting and informative. By the 
use of circuit breakers of older design and 
proper sequence of system switching, he has 
been able to utilize circuit breakers available 
on his system. However, his experience 
does indicate the existence of some hazard- 
ous circuits, as shown by the 100-watt lamp 
failures in the Laurel Mountain Tunnel, the 
flashover of the terminal board of a 44-kv 
transformer, and the 4-kv insulator flashover 
at the power station. As to the economics 
of the Indianapolis Power and Light Com- 
pany capacitor installation requested by 
Mr. Langstaff, the capacitors cost approx- 
imately $7.00 per reactive kilovolt-ampere, 
and the circuit breaker cost approximately 
$1.20 per reactive kilovolt ampere, or a total 
of $8.20 per reactive kilovolt-ampere for the 
circuit breaker and capacitors. Including su- 
pervisory, relaying, and installation charges, 
the total cost was $11.15 per reactive kilo- 
volt-ampere. Using a larger bank with the 
circuit breaker would have reduced the cir- 
cuit breaker cost per reactive kilovolt-am- 
pere. The metal enclosures for the bank 
were used because of limited installation 
space and for safety to personnel working in 
the substation on other equipment. 

Mr. Langstaff also requested the type of 
3-ky lightning arresters involved in the 
failures associated with the switching of the 
Indianapolis capacitor bank. The lightning 
arresters were of the pellet type charac- 
terized by low 60-cycle sparkover voltage. 
The damaged lightning arresters were re- 
placed by duplicate lightning arresters of the 
same manufacture and were not damaged 
when tests were made with the 34.5-kv oil 
circuit breaker modified by auxiliary oil 
pistons. It is of interest that lightning 
arresters made by three different manufac- 
turers were located on the two 4-ky feeders 
and the 4-kv bus of the Allison number 2 
substation. The pellet type was the only 
one failing. The discussion of Mr. Edward 
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Beck indicates the possibility of forestalling 
some lightning arrester operations by the 
use of lightning arresters with higher 60- 
cycle sparkover voltages. 

The discussion presented by Messrs. 
F. M. Porter and C. P. Zimmerman also is 
of interest because of the difficulties experi- 
enced with capacitor banks having their 
neutrals grounded. In order to eliminate 
the possibilities of third harmonic currents 
and possible telephone interference, the 
capacitor bank at Indianapolis was designed 
for ungrounded neutral operation. This 
also permitted the use of potential trans- 
formers between the neutrals of the bank 
for detecting neutral displacement and over- 
voltage on individual 15-kva capacitor 
units. 

The magnitude of unbalance voltage 
used for relaying is as follows: 1 unit out, 
2.0 volts; 2 units out, 5.2 volts; 3 units 
out, 9.2 volts; 4 units out, 12.0 volts. The 
relay was set to operate on 4 volts when 2 
units were removed from a group of paral- 
leled units to limit the overvoltage on the 
remaining 15-kva units to 9.5 percent. The 
performance of the relaying scheme was 
determined by deliberately disconnecting 
capacitor units and measuring the voltage 
across the relays. These values checked 
calculated values very closely. 

The manufacturing tolerance on the indi- 
vidual units permit a variation of —O per 
cent to +15 per cent above their rated 
capacitances. In the case of the Indianapo- 
lis bank, a large number of the units with 
larger than average capacitance were in- 
stalled in one phase of one of the 2,430-kva 
assemblies. This at first caused unbalanced 
voltages to appear between neutrals and 
resulted in relay operation when only one 
15-kva unit was removed. The impedance 
of each parallel group in all phases of the 
three assemblies then was measured accu- 
rately, and by permanently removing one 
unit from a group having higher than aver- 
age capacitance, the normal voltage unbal- 
ance between neutrals was corrected to ap- 
proximately 0.2 volt. This difficulty should 
not occur on most installations because the 
units of highest capacitance normally will be 
well distributed among the other units in 
all three phases. 

To answer the question of Messrs. Porter 
and Zimmerman as to why the oil piston in- 
stead of a resistor was chosen to modify the 
interrupter, the high-power laboratory tests 
showed the oil piston not only produced 
somewhat lower overvoltages than the resis- 
tor, but also reduced restriking to a negli- 
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gible amount, such as one restrike in 21 
opening operations at 34.5 kv. With the 
existence of a coupled 4-kv circuit that 
might magnify overvoltages produced by 
capacitor switching the authors believed a 
circuit breaker that would not only limit the 
overvoltage to the lowest value but also 
reduce the number of such overvoltages 
would reduce the possibility of lightning 
arrester failure to a minimum and would 
provide the best over-all performance for 
the Indianapolis installation. It is interest- 
ing to note that Messrs. Porter and Zimmer- 
man have a standard 34.5-kv circuit breaker 
without a resistor controlling a 3,075-kva 
22-kyv capacitor bank and have had no 
trouble for a 21-month period of operation. 
Perhaps this has been possible because no 
coupled circuits of the proper constants exist 
on their system at the present time that 
magnify the transient overvoltages pro- 
duced by capacitor switching. 

Messrs. Porter and Zimmerman also re- 
quested our experience in connection with 
repetitive operation of the capacitor circuit 
breaker. Immediately after the final series 
of tests, the circuit breaker was opened and 
there was no sign of oil deterioration or con- 
tact pitting. As of March 2, 1951, the cir- 
cuit breaker was still operating on the same 
schedule as given in the paper, with a total 
of 630 openings up to that time. However, 
the circuit breaker had not been opened for 
further inspection as of that date. On Janu- 
ary 29, 1951, the first capacitor unit failure 
was discovered after a voltage balance read- 
ing indicated a change in balance. These 
voltage readings are taken daily. The 
capacitor fuse on the failed unit had func- 
tioned, but did not indicate; a swelling of 
the case gave visible indication of the unit in 
trouble. 

The discussions presented by Mr. N. E. 
Dillow, and by Messrs. E. B. Rietz and 
C. J. Balentine suggested a criterion of 2.0 
times normal voltage, which is met by apply- 
ing special resistor-equipped circuit breakers 
for all applications. This is about 20 per 
cent lower than the maximum found with 
standard circuit breakers. Perhaps this 
small improvement is all that is required in 
most cases. The use of a resistor was not 
selected in this case because when resistors 
of suitable values were added to standard 
interrupters, the number of tests on which 
restriking occurred increased 60 per cent 
and because our first lightning arrester 
failure happened when the oscillograms indi- 
cated a maximum bus voltage of only 1.87 
times normal (test 10, Table I of the paper). 
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Switching of Distribution Capacitors by 


Manual and Automatic Devices 


R. J. HOPKINS 
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LL power factor capacitors are 

switched occasionally, even the so- 
called “permanently connected” units 
which are installed so that normal opera- 
tion is continuous. Switching operations 
vary in nature from exceedingly rare 
switching of “permanently connected” 
capacitors for inspection or maintenance 
to frequent, often several times daily, 
switching of automatically controlled 
equipments. 

It is well recognized that the major 
portion of base or unregulated system 
reactive kilovolt-amperes (kvars) can be 
most economically supplied by ‘“un- 
switched” or “permanently connected” 
capacitors, In order to secure maximum 
benefits in terms of voltage improvement, 
loss reduction, and released power system 
capacity, such shunt capacitor banks are 
usually located on the distribution system 
as near to the load as practicable. 

Typical of such installations are the 
small capacitor banks located on primary 
distribution feeders. In these cases, 
short-circuit protection in case of capac- 
itor failure and a means of switching can 
be provided by the use of suitably rated 
fused cutouts. Use of fused cutouts for 
occasional manual switching of capacitor 
banks is discussed later in this paper. 

Basically the requirement for switching 
of shunt capacitor banks arises when the 
kvar supply at time of peak system load 
exceeds the desirable supply at time of 
light load, Broadly the kvars of capac- 
itors to be switched are the difference 
between peak and minimum load _ re- 
quirements, 

The amount of unswitched capacitors 
which can be applied to a system is limited 
by the following general considerations: 


1. Unswitched capacitors should not be 
applied to the extent that intolerably high 


188 


N. R. SCHULTZ 


MEMBER AIEE 


voltage levels exist at time of minimum 
load. 


2. The amount of unswitched capacitors 
should not be such that system generators 
will be operated with unduly low excitation 
from the viewpoint of stability at time of 
light load. 


Since the peak-load kvar requirements 
of many systems may be two to three 
times the minimum kvar requirement, use 
of switched capacitors to follow the sys- 
tem kvar load pattern has become a com- 
mon practice. 

In addition to the foregoing broad 
classification, switched capacitors are 
also often employed in specific applica- 
tions for the purpose of regulating voltage 
or kvars, and as such are often controlled 
automatically where manual switching 
may be inconvenient or unreliable. 
Automatic switching also is used occa- 
sionally to prevent overvoltage or undue 
losses during periods of light system 
load, or when load is suddenly lost, or to 
provide a voltage boost during time of low 
voltage caused by a system disturbance. 


Application and Technical Aspects 
DE-ENERGIZING PROBLEM 


The problem of interruption of capaci- 
tive current has been the subject of 
several technical papers. A brief de- 
scription of the phenomena associated 
with interruption of capacitive current is 
included herewith for the sake of com- 
pleteness. 

A simplified single-phase circuit, Figure 
1(A), can be used to illustrate the basic 
problem of interruption. It is  ordi- 
narily assumed that current interruption 
will take place at the first normal ‘“cur- 
rent zero” following separation of the 
switch contacts. In a capacitive circuit 
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this corresponds to a maximtttn of crest 
value of system voltage as shown in 
Figure 1(B). At the instant of interrup- 
tion, the voltage across the switch is zero 
since the capacitor on one side of the 
switch holds the same crest voltage that 
existed just prior to interrupting. Since 
no initial voltage appears across the 
switch any circuit breaker or switch will 
interrupt quite easily at the first current 
zero following contact separation. How- 
ever, as shown in Figure 1(B), following 
interruption, voltage begins to appear 
across the switch due to the alternating 
system voltage until it reaches a value of 
twice normal crest voltage just one-half 
cycle following interruption. 

If the switch successfully withstands 
this double voltage without restriking, the 
interruption can be termed successful. 
If, however, the switch restrikes at or 
near the time of double voltage, the 
capacitor voltage can reach a value of 
approximately three times normal crest 
value. It is theoretically possible to 
compound successive clearings and re- 
strikes in such a manner as to yield circuit 
voltages of many times normal value. 
However, extensive field tests by other 
investigators have shown that over- 
voltages due to restriking seldom, if ever, 
exceed three times normal voltage. For 
further detailed analysis of this phenom- 
enon, refer to reference 1. 

The preceding brief description of 
capacitive current interruption should be 
adequate to illustrate the point that the 
interrupting capacity of circuit breakers 
and other switches on capacitive circuits 
may be limited in comparison to the 
rating assigned for “normal” load or 
short-circuit current interruption. It 
should be emphasized that capacitive 
current interrupting limitations are usu- 
ally assigned on the basis of limiting 
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transient overvoltages to approximately 
twice normal voltage. Such limitations 
are not usually indicative of the ability 
of the switch or circuit breaker to even- 
tually clear the capacitive circuit. 

Practically speaking, many types of 
circuit breakers and switches are com- 
mercially available for switching capaci- 
tive current. Their ratings and suitabil- 
ity for this type of service have been de- 
termined by experience and comprehen- 
sive tests. 


ENERGIZING PROBLEM 


It has been shown that the inrush cur- 
rent to a capacitor bank is a function of 
the bank rating and available system 
short-circuit current. Generally this 
transient inrush current is of very short 
duration being highly damped by in- 
herent circuit resistance, and has a fre- 
quency many times greater than normal 
system frequency. Experience on nearly 
every type of capacitor switch has indi- 
cated that inrush currents associated with 
capacitor banks are not harmful to the 
switches and do not constitute a prob- 
lem. 


PROPER SWITCH SELECTION 


In selecting switches for capacitor 
banks, the subsequent requirements 
should be met. 


Voltage Rating 


The voltage rating of the switching 
device must be equal to or greater than 
the normal voltage of the circuit to which 
the equipment is to be connected. Both 
the 60-cycle potential test and impulse 
voltage test levéls of the switch should be 
consistent with those of other apparatus 
in the same voltage class. 


Continuous Current Rating 


The continuous current rating of the 
switching device should be at least 135 
per cent of rated capacitor bank current 
in accordance with section 4.12 of NEMA 
Standard CA1-1949° for shunt capacitors. 
Capacitor bank currents may exceed 
rated or nameplate values because of the 
plus manufacturing tolerance on the 
capacity of individual units and because 
of the possibility of overvoltage and har- 
monic current flow. The 35 per cent al- 
lowance factors in these considerations, 
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Figure 1(A) (left). Simplified 
single-phase circuit 
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Figure 1(B) (right). Voltage ap- 

pearing across switch contacts 

during opening of circuit to a 
capacitor bank 
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Height of shaded area at any time 
represents switch voltage 


Interrupting Rating 


If the switching device is used as a 
means of short-circuit protection in ad- 
dition to its duty as a capacitor switch, it 
must, of course, have an interrupting 
rating adequate to handle short-circuits 
occurring in the equipment on the capa- 
citor side of the switch. 

In any event, whether the switching 
device is used for short-circuit protec- 
tion or not, it must be able to interrupt 
the normal capacitor current without 
excessive transient overvoltages due to 
restriking. 

If the switching device has no short- 
circuit interrupting rating of its own, pro- 
tection against short circuits in the capa- 
citor bank must be provided by other 
means. Capacitor units may be fused 
individually, or in groups. Or the entire 
capacitor bank and bus work may be pro- 
tected by line fuses, cutouts, or circuit 
breakers of adequate interrupting rat- 
ing. 

When applying fuses, it is necessary to 
limit the fuse link size so that should 


Figure 2. Current versus timefor a short-cir- 
cuited capacitor unit to rupture due to gas 
pressure after an internal short-circuit occurs 


Area below 
curve 1 is safe 
with no damage 
other than slight 
swelling ex- 
pected. Area 
above curve 2 is 
unsafe. Rupture 
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failure of an individual capacitor unit 
occur, that unit will be promptly removed 
from the circuit. The fuses used should 
have total clearing times no greater than 
those of curve 2, Figure 2. Figure 24° 
shows the characteristic of current versus 
time for an internally short-circuited 
capacitor unit to rupture due to gas pres- 
sure after an internal failure occurs. 
Attention also should be given, of course, 
to the co-ordination of these individual 
fuses with any sectionalizing fuses which 
may be present on the circuit. 


Momentary Current Rating 


The switching device must have suff- 
cient momentary current rating to ade- 
quately withstand system short-circuit 
currents for faults at its terminals. This 
consideration must be met even though 
the device is not used as a means of short- 
circuit protection, 


Frequency of Operation 


The mechanical and electrical design 
of the switching device should be such 
that it will withstand a reasonable num- 
ber of operations without undue main- 
tenance. ‘This may require special con- 


will occur fre- 
quently with pos- 
sible damage to 
adjacent capaci- 
tors. Area be- 
tween curves is 
region of doubt- 
ful operation. 
Slight case rup- 
ture and cracked 
bushings may oc- 
cur 
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Figure 3. A typical application of three 
5,200-volt 100-ampere cutouts on a 300-kvar 
4,160-volt capacitor bank 


sideration in some cases involving a 
number of switching operations each 
day. 

Switching devices fall into several dis- 
tinct types depending on whether they 
are to be manually operated or are to be 
actuated by automatic control devices. 

Manual switching devices are usually 
used where switching is infrequent and 
the cost of electrically operated devices 
cannot be justified. 

Electrically operated and/or auto- 
matically controlled switches are used 
where frequent operation, up to several 
times a day is required. These devices 
fall into further subdivisions depending 
on the short-circuit capacity of the sys- 
tem, the length of life required without 
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Figure 4. Fused disconnect switch rated 100 
amperes, 15,000 volts 
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maintenance, and the capacitor bank 
sizes to be switched. 

All of these classes of switches will be 
discussed in more detail in following sec- 
tions. 


Manual Switching of Capacitors 


The device most commonly used for 
manual switching of capacitors is the 
fused cutout. This device also provides 
short-circuit protection for the capacitor 
installation within the limits of the rela- 
tively low interrupting ratings of these 
devices. 

The successful switching of capacitors 
with air break devices such as fused cut- 
outs depends to a considerable extent on 
the experience and technique of the 
operator, and the speed of opening. Until 
recently, published tables of capacitor 
bank sizes that could be switched by 
various cutouts were extremely conserva- 
tive, judged by information from various 
utilities 

In order to obtain more factual data on 
switching of capacitors with cutouts, a 
series of tests was recently made by the 
with which the authors are 
associated to determine the actual limit- 
ing current that the various cutouts can 
open successfully, Tests were made on all 
of the various types of open and enclosed 
nonrepeating cutouts manufactured by 
this company. 

All tests were made on a single-phase 
circuit, indoors in still air. Cutouts were 
opened manually. As criteria for success- 
ful switching it was decided that the par- 
ticular current must be opened on ten out 
of ten trials, with the resulting are rising 
not more than one foot above the cutout. 
Capacitor bank sizes were increased 25 
kvar at a time until a current was reached 
which could not be successfully switched. 

From results of these tests, Table I 
was compiled. This table gives the 3- 
phase capacitor kvar which can be 
switched under the conditions stated, for 
all the common types of nonrepeating 
cutouts. Operating experience may in- 
dicate that experienced operators can 
successfully switch larger bank sizes. 
During the tests, open-type cutouts suc- 
cessfully switched larger capacitor banks 
but with a considerably greater rise of the 
are above the cutout. Thus, in locations 
where there are no circuits or other limit- 
ing structures above the cutouts, open- 
type cutouts could be used to switch 
larger banks of capacitors than shown in 
the table. 

All of the cutouts listed have current 
carrying capacities double those listed 
under ‘rating’ if a disconnect blade is 


company 
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Figure 5. Disconnect switch rated 400 am- 
peres, 15,000 volts, with special arc inter- 
rupting chamber 


substituted for the fuse holder. With 
disconnect blades, larger banks than 
those given in Table I can be switched at 
2,400-volts delta and 4,160-volts grounded 
Y by enclosed cutouts only as tabulated 
below. In these cases individual capac- 
itors should be fused to protect against 
shortecircuits that might occur at the in- 
stant of switching and cause a hazard. to 
the operator. 


Voltage 3-Phase Kvar 
2,400 volts delta........sseeesus 875 


4,260 volts grd. V... sii srs nree 650 


In compiling Table 1, certain rules 
were observed. which are indicated be- 
low. 

1. Fuse link sizes are limited to 50 
amperes (JV) for 50 ampere cutouts. For 
the 100- and 200-ampere cutouts, the fuse 
link rating is limited to 75 amperes (JV) to 
avoid bursting a capacitor container in 
case of failure of a capacitor. These fuse 
link ratings are at least 165 per cent of the 
normal rated capacitor current as rec- 
ommended by the NEMA standards for 
shunt capacitors.® 

2. Where the maximum current 
switching ability is less than the maxi- 
mum fuse sizes as determined in (1) 
above, the capacitor bank size was deter- 
mined by making an allowance for over- 
loads due to voltage, harmonics and over 
capacity encountered under average oper- 
ating conditions. 

A typical installation of pole mounted 
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Figure 6. Type GR single-phase oil switch 


rated 100 amperes, 15,000 volts. 
showing operating mechanism 


View 


the fuse link which is pulled out of the fuse 
tube by spring tension. The resulting are 
is extinguished inside the expulsion tube. 
To return the bank to service, the entire 
expulsion tube is removed, refused with 
the same link, and the circuit closed by 
replacing the expulsion tube. 

Tests have shown this device to be 
capable of interrupting 100 amperes at 
15,000 volts without restrikes. As stated 
before, the maximum fuse link size should 
be no greater than the equivalent of curve 
2 of Figure 2. This corresponds to the 
characteristics of a 75-ampere (JV) cable- 
type, fast-blowing fuse link manufactured 
by the General Electric Company. Other- 
wise protection from case bursting in the 
event of a capacitor failure must be pro- 
vided by other fuses. 

Figure 5 shows a disconnect switch 
with a special arc interrupting chamber. 
The manufacturer’s tests indicate that 
this device will interrupt 400 amperes 
capacitor current at 15,000 volts without 
restrikes. 

The expulsion tube in the arc inter- 
rupter must be replaced after the number 
of operations given below. 


Figure 7. Typical installation of a type CP-3 
oil switch on capacitor bank rated 180 kvar, 
4,800 volts, 3-phase 


the maximum that can be carried on a 75- 
ampere link can be successfully switched 


capacitors, protected by enclosed cutouts co Goceaete without restrikes. Each switching opera- 

is shown in Figure 3. tion, of course, expends three fuse links 
Also available from various manufac- OG Se ee 25 for a 3-phase capacitor bank. 

turers are a number of types of air break si wee ceca tees sete ene cn es ch In certain locations, such as indoors, 


switches which may be used for manual 
switching of capacitors. Typical of these 
devices are those shown in Figures 4 and 
5. 

Figure 4 shows a fused disconnect 
switch, available in ratings of 100 am- 
peres at either 7,500 or 15,000 volts. 
The upper end of the fuse link is held by a 
trip mechanism at the upper end of the 
fuse tube. When it is desired to discon- 
nect the capacitor bank the trip lever at 
the upper end of the fuse tube is tripped 
by means of a switch stick. This releases 


With this device also, short-circuit pro- 
tection must be provided by other means. 

A mechanism can be added to improve 
the switching ability of open-type cut- 
outs manufactured by the General Elec- 
tric Company. With this device in place, 
it is possible to break the fuse link inside 
the expulsion tube by means of a switch 
stick. Interruption of current takes 
place inside the expulsion tube. With 
this device, capacitor banks of sizes up to 


the open are obtained when switching 
with ordinary cutouts may be undesirable 
for safety reasons. In these cases oil fuse 
cutouts may be used. These cutouts are 
subject to the same maximum fuse link 
size to prevent case bursting in the event 
of capacitor failure as are open and por- 
celain-clad cutouts. In general, oil fuse 
cutouts are capable of successfully switch- 
ing the same bank sizes as corresponding 
ratings of porcelain-clad cutouts. 

For applications where more frequent 
manual switching is required but where 


a Table |. Guide for the Application of Fuse Cutouts with Capacitor Banks 
Rated Capacitor Kvar, 3-Phase, 60 Cycles, That Can Be Switched 
Cutout Ratings At At At At At At 
Interrupting 2,400 V 4,160 V 4,160 V 4,800 V 7,200 V 12,470 V 

Type of Cutout Volts Amperes Rms Amperes Delta Delta Grd. Y Delta Delta Grd. 
Enclosed-Type Expulsion Cutouts (with Fuses) 
Wormindicating.............. 5200 Fs sete SOs: « 1522 OO a Meairen <P oiccts saya TDD civneyele teeta 22k pacua iehate sve 225). eenion 160 
Indicating and Dropout..... 5 DOO) \ccor in e BOW Mate» Pe2OO. | chatter’ LAE elie ys scnce nas OLAS SRR IBD 225 eee ee nee 200 
Monindicating ........ 06.0 bel) Oem oe LOO Asan.’ SOOO Eee TMrarrc cero LOO aiareruerarat DUO Grate eye cece, 3 SSO Rar. chess aie 160 
Indicating and Dropout..... 5i, 200 noises OOF ary 's EYL DOe | 0 Mebcnctreicta ac UO Seva toc cr ROO Ss cre rasreacis os SoQ0 see eneieres 200 
Nomitidicating..:.....-.-.. 7. SOO re eee ‘SO array sc UTS 6 Seer isd ss LO ceyecmiee ee i DD Oi ats scesns 6 a. s\8 220 sic sastoeres UG OM tess: os cere 80 140 
Indicating and Dropout..... i BOO nears shave DOP tis ZOO) ey Metals a eroeel= 125s ABO ae aie se 5.3 225 io wen cs cies ZOO Pies, axaiehsy ells L120 Nereis 200 
Wonindicating............. 82 SOO p ah-raveaben LOO) Sencar: < SDD = Se eoeoucon TD eiernchs crete PAREN PROT ES BOL is teres TGQ ss (ois ,eisve 1 Omeeireiteiers.are = 115 
Indicating and Dropout..... COU A ots LOOM teats « SROQUMMER yer votins LOOK E My aes DOO) ere eee ore Sota sees ZG piste a de Hi? Ge Seen 280 
Heavy Duty Indicating..... G7 200 Sane ac TOO) Sarena. 5,000'@ 5:2 KV. ..n50. LG Oia Pitot fas DAO. diese ys. SOOM are Scien: 100 
Heavy Duty Indicating..... 5 200 ees. ZO Operas o's SOOO ND BME Vie wo paceseseaa Re ance tts coc Di Omens snatenae SOs avers nets 160 
Open-Type Expulsion Cutouts (with Fuses or Disconnecting Blades) 
Me os. ss... 5, 2000.84.56 TOOsP ea acis OOO MMT cccsrate aoc TOO Mievractetin.. DAO ocavatentegen as BCOn res ara sree 100 
PIE oh obese espace ee 7, S00), oe MOO pacer tears ROO OM late later ketone LOORS teenie Perea og = Home SARE Ricks, < eee TOO avexeleretare « COL piace wees 95 
oo 00%) 15; OOO. eae aa: LOD vaste PX UO* CRRA OIG CaOrS 2c Cain Ot cea een Ben IEEE SEE eREROR Memes © Sete a Ce nee ene 40.. 65 
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Rated 
Momentary Basic Impulse 
Type Volts Amperes Phase Amperes Insulation Level Contact Life 
CPRos ee Gate cols te 7 B00. Roe ate Sees Tablertll...cwueee at Shicinhre- exam D OOO G ncetcetovnPy eniste teres 7B iv, ontsvnntenareeeee 10,000 operations—180 kvar or less 
5,000 operations—225 or 300 kvar 
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automatic or remote control is not neces- 
sary, the type G oil switch is available. 
The type G is similar to the type GR 
shown in Figure 6 except that the motor 
operating mechanism is omitted. This 
switch is rated 100 amperes at 15,000 
volts, single pole. 

The rating, momentary and contact 
life of this switch are given in Table II. 
The 3-phase capacitor bank sizes that can 
be switched with a set of three switches 
are given in Table III. This switch, also, 
has the advantage over most air break 
devices that the are is completely en- 
closed. This is a decided advantage 
where adjacent apparatus or circuits, or 
possible hazard to the operator make an 
open arc inadvisable. 


Type B-1, three-phase oil switch 


Figure 8. 
rated 150 amperes, 15,000 volts 
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Automatic Switching of Capacitors 


For those locations where automatic 
of capacitors required, 
switching devices are available for low 
cost switching of distribution capacitors 
in response to changes in current, voltage, 
or other load characteristics. These 
switches fall into two distinct classes: 


switching is 


1. Switches for use on circuits where low 
short-circuit currents are available. 
2. Switches for use on circuits where high 
short-circuit currents are available. 


In the first class are the type CP-3 
switch shown (installed in a capacitor 
housing) in Figure 7 and the type GR 
switch shown in Figure 6. 

The type CP-3 switch is a 3-phase 
3-pole oil switch, rated 7,500 volts maxi- 
mum. It is capable of switching bank 
sizes up to 225 kvar, 3 phase, at delta 
voltages up to 7200 volts; 300 kvar can be 
switched at 4,160 volts grounded Y. 
This switch has a basic impulse level of 
75 kv and can carry currents up to 5,000 
amperes for 6 cycles without excessive 
burning of contact tips or other damage. 

Contact life is about 10,000 operations, 
close and open, at 180 kvar and about 
5,000 operations at 225 or 300 kvar. Oil 
should be changed at the same time as the 
contacts. Mechanical life is in excess of 
40,000 operations. 

The CP switch is solenoid operated 
with the solenoid energized in the closed 
position. With a 110-volt coil, the coil 
holding current is about 1.9 amperes with 
an inrush of about 13.5 amperes. 

A typical application of the CP switch 
to a 180-kvar bank of capacitors is shown 
in Figure 7. 

The type GR switch is a single-phase, 
one pole, oil switch, rated 100 amperes, 
15,000 volts. Three of these switches are 
required to switch a 3-phase capacitor 
bank. This switch has a basic impulse 
level of 95 kv and can carry currents up to 
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5,000 amperes for 15 cycles without ex- 
cessive burning of contacts or other 
damage. Contact life is about 6,000 
operations at full rating. Because of the 
small oil volume, oil should be changed 
at about half the contact life to maintain 
the full insulation level across the open 
contacts and between poles. Mechanical 
life is in the order of 10,000 operations. 
The GR switch is operated by a motor 


Figure 9. Typical installation of a type B-7 
switch in switch compartment of a 900-kvar 


12,470-volt 3-phase capacitor equipment 


: 
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wound spring mechanism, providing snap 
action opening and closing. The motor is 
energized only during actual operation of 
the switch. 

Capacitor bank sizes that can be 
switched with the type GR switch are 
given in Table III. 

For circuits where high short-circuit 
currents are available, or where a more 
rugged, ‘longer lived switch than the CP-3 
or GR is desired, the type B-1 switch is 
available. This switch is shown in Figure 
8. The type B-1 is a 3 pole oil switch 
rated 150 amperes at 15,000 volts. The 
resulting bank sizes that can be switched 
at the various voltages are given in Table 
Ill. The type B-/ is a rugged switch de- 
signed on the principles of the well-known 
load ratio control mechanism for on-load 
tap changing in transformers. Snap ac- 
tion open and closing of contacts is pro- 
vided by a motor wound spring mecha- 
nism. The motor is energized only dur- 
ing actual switch operation. The B-/ has 
a basic impulse level of 95 kv and has a 
standard momentary current rating of 
40,000 amperes, including d-c component. 
Contact life is 45,000 operations, close 
and open, at 100 amperes, or 20,000 opera- 
tions at 150 amperes. Oil should be 
changed with the contacts. Mechanical 
life is in excess of 100,000 operations. 

Figure 9 shows a typical application of 
a B-1 switch in a 900-kvar capacitor 
equipment. 

Ratings and characteristics of the three 
oil switches described above are given in 
Table II. The capacitor bank sizes that 
can be switched by the various switches 
are given in Table III. This table was 
calculated taking into account the rule 
that the switch rating should be 135 per 
cent of the rated capacitor current as pre- 
viously discussed. 

All three of these oil switches have no 
short-circuit interrupting rating in excess 
of their nominal current rating. Protec- 
tion against line or bus faults in the capac- 
itor bank or against case bursting in the 
event of a capacitor failure should be pro- 
vided as described previously. All of 
these switches will interrupt their rated 
capacitor current at their rated voltage 
without restrikes. 

The automatically controlled switching 
devices discussed thus far were designed 
specifically for capacitor switching. The 
type CP-3 and GR switches are intended 
to fill the need for a low cost switching 
device for comparatively light duty. The 
type B-1 switch, while more expensive 
than either the CP-3 or GR switches, is a 
heavy duty device and still has a lower 
cost than standard circuit breakers. In 
addition its long life before requiring 
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maintenance is a decided advantage over 
circuit breakers. Circuit breakers are not 
designed for frequent operation and re- 
quire more frequent maintenance than the 
B-1 switch. 

However, where bank sizes in excess of 
those listed in Table III must be switched, 
circuit breakers must be used. Standard 
15-kv air circuit breakers are available 
which will switch up to 30,000 kvar of 
capacitors. Standard 15-kv oil circuit 
breakers are available which will switch 
up to 10,000 kvar of capacitors. Other 
models of 15-kv oil circuit breakers can 
be modified so as to be suitable for 
switching up to 30,000 kvar of capacitors. 
Since these devices are not designed 
specifically for capacitor switching, free- 
dom from restrikes is not certain. How- 
ever, within the reactive-kilovolt-am- 
pere limits given, transient overvoltages 
on switching will not exceed twice normal 
and will cause no trouble. 


Types of Control 


Various types of control systems are 
available for operating motor or solenoid 
operated switches in response to changes 
in circuit conditions. 

The most commonly used control is 
voltage sensitive, so that capacitors are 
switched on at times of low voltage and 
off when voltage is normal or above. This 
type of control cannot be used in locations 
on the source side of the control point for 
induction or step voltage regulators. In 
these locations, voltage tends to be high- 
est at time of heaviest load so that the 
capacitors will be off when most needed. 
Current or current compensated voltage 
controls should be used in these locations. 

A voltage sensitive control panel, to 
control a type CP switch is shown in 
Figure 7. Another common control is 
sensitive to line current. The capacitor 
will be switched on when line current ex- 
ceeds a predetermined value. 

A third type of control is voltage sen- 
sitive but current compensated. For all 
values of line current below the predeter- 
mined value, the control acts as a straight 
voltage control. When line current ex- 
ceeds the predetermined value, a relay 
closes, changing the calibration of the 
voltage sensitive device by inserting a 
series resistor. In effect the voltage sensi- 
tive device ‘‘sees’’ a lower voltage, switch- 
ing on the capacitors. For all values of 
current above the predetermined value 
the capacitors will be on unless the cir- 
cuit voltage rises high enough to offset 
the change in calibration of the voltage 
sensitive device. An advantage of this 
control over the straight current control is 
that during periods of low voltage due to 
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system disturbances, the capacitors will 
be switched on and will stay on, until the 
voltage is normal, regardless of current. 
Thus capacitor kilovars are always on the 
system when most needed. 

Control is available which will switch 
capacitors in response to changes in the 
reactive kilovolt-amperes flowing in the 
circuit. This is commonly called kilovar 
control. This control is relatively ex- 
pensive and has little advantage over cur- 
rent compensated voltage control. 

Controls also can be supplied responsive 
to time, where a load cycle is well enough 
known to make switching at definite times 
each day feasible. 

Time modification can be added to cur- 
rent, voltage, current compensated volt- 
age or kilovar controls to allow omission 
of any part*of the week from automatic 
operation. 

All control systems except straight time 
and current controls can be supplied to 
switch capacitor banks in steps. One 
switching device is necessary for each 
step. Up to five steps are available in 
standard controls, and 6-step controls 
have been supplied. Step controls can be 
provided with sequencing devices which 
provide for approximately equal service 
on all switches and capacitors. That is, 
over a period of time, all switches operate 
for part of that period as step 1, then as 
step 2, and so forth. 

In conclusion, we can state that switch- 
ing devices are available for switching 
economically practically any type of dis- 
tribution capacitor. These cover the 
range of switching frequency from the 
once a year switching for inspection pur- 
poses to the three or more switchings per 
day of automatically switched capacitors. 
Control systems are available for auto- 
matic control of switching in response to 
almost any load variable. 
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The Application of a Series Capacitor 


to a Synchronous Condenser for 
Reducing Voltage Flicker 


P, M, BLACK 


MEMELE ALEL 


ARGH eleetrie are furnace loads 

which are supplied from power sys 
fens over long transmission lines fre 
quently introduce difficult voltage Meker 
An are furnace load fluctuates 


violently with instantaneous changes in 


problenis, 


demand which may be as high as the 
kilovolt-anipere rating of the furnace and 
‘The load flietua 


lions are of a vandom nature and may oe 


al low power factor, 


cur in one eyele or may increase or de 
crense ina series of sleps for 6 to 10 eyeles, 
Such a load may enuse a disturbing volt 
ave flicker on the (transmission system, 
which in many cases requires special eor 
reclive equipment, 

This paper deals with an tnusual solu 
fion to one such voltage flieker problem 
for anare furnace load, The solution that 
was adopled consisted of a series cape 
itor inplilled in the leads of an existing 
This installation 
was tuch more economical (han the other 


ayuchronous condenser, 


methods considered, and the equipment 
required was obtainable in a minimum of 
line, Accumulated dati on furnace 
loud swings and teat data on the effee 
liveness of the series capacitor are pre 
A deseriplion of the installation 
and its performance to date are included, 


sented, 


Dencription of Load and 
Method of Supply 


A aleel company has a wire and rod 
mill and a volling mill whieh are quite 
steady londa at high power faetor, The 
company produces steel for (hese mills by 
Hepliase eleetvic are furnaces, The raw 
material for Che furnaces consists of a wide 
variety of serap iron and steel and junked 
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heavy equipment sueh as locomotives. 
‘The furnaces are first charged with cold 
metal, and when the initial charge is 
melted, additional charges of eold serap 
until the desired amount of 
metal is obtained, During the 
tines when the furnace is melting the eold 


are added 
mollen 


serap, the temperatures in the furnace are 
low and the are length varies more or less 
This results in an unstable 
are which eauses violent load changes, 
‘The electrodes are automatically con- 
trolled to power 
factor of 71 per eent on the low side of the 


continuously, 


Maintain an average 
furnace transformer, but during the melt. 
down period the power factor of the load 
varies widely, The kilovolt- 
mupere demand and the lowest power 
the cold metal falls 
against the eleetrodes and causes either a 


heaviest 
factor oceur when 


single-phase of S-phase short-eireuit of the 
furnace transformer, 

The first of these electric furnaces was 
installed by the steel company in 1936 
and consisted of two 7,500-kva 3-phage 
are furnaces, The half-hour demand of 
(he original installation was approxi- 
mately 17,000 kw at 85 per eent power 
fnetor, which included 8,000 kw of non- 
fietuating mill load, Operation of the 


Vaper $1620, recommended by the ALM Trans. 
mission and Distribution Committee and approved 
hy the ALM Technieal Program Committee for 
presentation at the ALWW Winter General Meeting, 
New York, N, V., January 22-26, 1051, Manu. 
script submitted Oetoher 28, 1050; made available 
for printing November 17, 160, 


MM, Hiack is with the Hlinols Northern Utilitles 
Company, Dicon, Wh, and L, 1 Liseriin is with the 
Commonwealth Mdison Company, Chicago, Tl, 


The authors wish to express thelr appreelation to 
©, I, Andvews, 1, C, Nartholomew, J, lL, Neal, 
Vo IL, KReayhit, and ©, 1 DeSleno for thelr value 
ble assistance 


Black, Lischer 


Reducing Voltage [licker 


“wt 


// 


ee 


plant was gradually expanded, and by 
1945 the furnace load consisted of one 
10,000-kva unit and one 15,000-kva unit. 
The half-hour demand had increased to 
39,000 kw at 85 per cent power factor, 
which ineluded 8,000 kw of mill load. In 
1948 the customer requested additional 
power to increase the size of the 10,000- 
kva furnace to 25,000 kva, Studies in- 
dicated that this inerease in furnace size 
would result in an increase in voltage 
flicker beyond the tolerable limit. 

The steel mill load is supplied from a 
138-kv system through a bank of 132— 
13,.8-kv transformers, as shown in Figures 
land 2. The 138-kv ties at A and F to 
other parts of the system are not shown in 
detail because their support to the 138-kv 
bus at // is negligible. The local genera- . 
tion at D consists primarily of a 50,000- 
kw base load unit, which is small in com- 
parison to the generation elsewhere on the 
system, ‘Therefore, the supply to the 
furnace load is largely dependent on the 
transmission lines as shown in Figure 1. 

Shortly after the original are furnace 
installation, a 20,000-kva synchronous 
condenser with a buffer reactor between 
the transformer secondary and the 13.8- 
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Figure 1. 138-kv transmission system 
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138 KV, SYSTEM EQUIV, 


EQUIV. SYST. REACTANCE 
Xe 20.19 


SUBSTATION | 138 KV, BUS 
STATION E 
37.5 MVA 
tomva AM 145 MVA F.C. 
X= 0.24 
BUFFER REACTOR (2 TAPS) 


“ese sien X=0.50 BEFORE SERIES CAP. 


X*0.30 AFTER SERIES CAP. 


LARGEST FURNACE 
5 MVA BEFORE SERIES CAP. 
25 MVA AFTER SERIES CAPR 


Xd unsat, = 1.00 
X44 SaT.= 1.30 


SYN.COND, 
20 MVA 


© OCB NORMALLY CLOSED 
OCB NORMALLY OPEN 
ALL X IN PER UNIT 

ON 100 MVA BASE 


Figure 2. Schematic diagram of connections 
at station E 


kv bus was installed to reduce the voltage 
flicker on the 138-kv system. In addition 
to correcting the voltage flicker, the con- 
denser was equipped with automatic 
voltage control which was used to main- 
tain the average voltage level constant on 
the 13.8-kv bus. This installation was 
described in an AIEE paper by T. G. Le- 
Clair. This installation proved very 
satisfactory, and with system increases 
due to load growth, was able to maintain 
the voltage flicker within allowable limits 
through successive increases in the size 
of the steel mill arc furnaces. 

From a system standpoint, the maxi- 
mum load swing which can be supplied to 
the furnaces is determined by the per- 
missible voltage fluctuation on the 138-kv 
busses at Dand EL. These busses serve 50 
towns and communities and the surround- 
ing rural areas. Experience had shown 
that the voltage flicker on these busses 


Figure 5. Furnace megavolt-ampere 20 


rating versus furnace megavolt-ampere 
swing for two furnaces of same size 
operating simultaneously. (Swing for 


1 furnace operating alone is 16.7 ee 
per cent less) eu 

.-4 

These swings (solid line) were used a 
for, calculation of voltage changes. eo 
The swings are not the maximum that S4 
may be obtained, but data show that “© 


these values are exceeded very infre- 
quently. All points are at 0.5 power 
factor unless otherwise indicated. 
@—test data by Jones and Stearns 
©—test points based on oscillo- 
graphic data for 1 furnace and in- 
creased by 20 per cent to permit 
comparison with other points. Points 
are maxima 
+—test point based on average in- 
crease in current swings over 15-mva 


operation. Power factor of 0.5 is 
assumed 

X—values used for calculations in 
this paper. 


was at the tolerable limit at the time the 
customer planned to increase the 10,000- 
kva furnace to 25,000 kva. Therefore, 
additional system capacity or added local 
corrective equipment would be required 
to serve the larger furnace. Considera- 


Figure 4. Basis for determination of instan- 
taneous kilowatt and reactive-kilovolt-ampere 
change 


A kw and Akvar are determined from oscillo- 
graphic data of kwy, lb, kwa, Ig. Subscript b 
represents quantity before change. Subscript 
a represents quantity after change. (Change 
may be instantaneous or take 3-4 cycles) 
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alone during initial 
meltdown period 
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RATING OF EACH FURNACE IN MVA 


tion also was to be given to the possibility 
of increasing the second furnace to 25,000 
kva at some future time. 


Data on Furnace Load Swings 


As the first approach to the problem of 
determining the amount of added capac- 
ity or local correction required, measure- 
ments were made of the present furnace 
load to determine its maximum instan- 
taneous change and the corresponding 
change in 138-kv bus voltage. The 
voltage fluctuation thus determined was 
taken as the maximum permissible 

The measurements were made with 
oscillographs which were operated during 
the initial meltdown periods when the 
flicker was most violent. This produced a 
record which gave a 1.5- to 2-minute 
sample of the furnace operation. Four 
such test runs were made. Three-phase 
readings of currents and watts for both 
the furnace and synchronous condenser 
were obtained. With the equipment 
available, it was practically impossible to 
measure accurately the changes in 138- 
kv bus voltage and evaluate them in 
terms of lamp flicker. Therefore, using 
the above-measured current and power 
quantities, the maximum voltage change 
was calculated, and this value was then 
established as the maximum permissible. 
Data of the furnace load swings were 
compiled so as to show the instantaneous 
kilovolt-ampere change as a function of 
power factor. Figure 3 shows some of 
these points for two of the test runs. The 
instantaneous kilowatt and kilovolt-am- 
pere furnace load changes (Akw and 
Akvar) were determined in a manner as is 
shown in Figure 4. Maximum instan- 
taneous kilowatt and kilovolt-ampere 
changes for the 10- and 15-megavolt-am- 
pere (mva) furnace were compared with 
those shown by others? and fairly good 
agreement was found. 

It was concluded that for voltage fluc- 
tuation studies the maximum instantane- 
ous change of a 15-mya furnace operating 
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alone could be taken as 9.35 mva at 50 
per cent power factor. The maximum 
power swings of the 10- and 15-mva fur- 
naces were increased by 20 per cent and 
plotted as in Figure 5. The 20 per cent 
increase allowed for simultaneous opera- 
tion of two furnaces the same size and was 
based on the data of Jones and Stearns.” 
The curve was extrapolated to 25 mva. 
For two 25-mva furnaces, the maximum 
instantaneous power swing was taken to 
be 18.7 mva at 50 per cent power factor. 
After the 25-mva furnace had been in- 
stalled but was being operated at 15-mva 
maximum, another series of tests was 
made to verify this choice of increment 
mva. At this time the 15-mva furnace 
was operated at 15 mva and then at 25 
mva. Ona current basis only, operation 
at 25 mva showed 50 per cent greater 
furnace current fluctuation than at 15 
mva, which checked reasonably well the 
assumed value shown in Figure 5. 
Having established what the increased 
maximum instantaneous furnace load 
change would be with two furnaces oper- 
ating at 25 mva, the problem then re- 
solved itself into two possible solutions: 


1. Reinforce the transmission system by 
the installation of an additional 138-kv line. 


2. Increase the amount of local corrective 
equipment so that more of the load change 
is supplied locally. 


Possible Methods of 
Supplying Increased Load 


ADDITIONAL TRANSMISSION CAPACITY 


The construction of a new 138-kv 
transmission line, 43 miles in length, be- 
tween stations H and F would have pro- 
vided sufficient capacity at E to solve the 
flicker problem. However, this line would 
be an expensive method for providing the 
capacity and would require a long time 
for construction. 
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ADDITIONAL CORRECTIVE EQUIPMENT 
Synchronous Condenser 


As indicated previously, the original 
flicker problem at station E was solved by 
the installation of a 20,000-kva synchro- 
nous condenser with a buffer reactor. In 
order to provide sufficient capacity to 
handle the larger furnace load, it would 
have been necessary to install 40,000-kva 
additional condenser capacity. The cost 
of such an installation would have been 
approximately 50 per cent of the cost of 
the new transmission line, but even this 
amount represented a substantial amount 
in relation to the size of the load that was 
being added to the system. Another dis- 
advantage of this solution to the problem 
was the relatively long time required for 
the installation of a synchronous con- 
denser. 


Buffer Reactor 


One possible method of forcing the ex- 
isting synchronous condenser to supply a 
larger share of the fluctuating load would 
have been to increase the reactance of the 
buffer reactor. However, operating ex- 
perience had shown that a higher value of 
buffer reactance would result in unstable 
operation of the condenser. 


Use of Series Capacttor 


In considering other possible methods 
for solving the flicker problem, it was 
suggested that the condenser could be 
forced to supply more of the fluctuating 
load by decreasing its sub-transient re- 
actance through the installation of a 
series capacitor connected into its leads. 
So far as was known, such an application 
of series capacitors had not been at- 
tempted previously, and therefore no 
operating experience was available to 
serve as a guide. Previous studies indi- 
cated the possibility of various problems 
being encountered because of the tran- 
sients that would be produced by a con- 


Figure 6 (left). 

General view of 

series capacitor 

installation. Shunt 

resistor units are 
at top 


Figure 7 (right). 
Close-up view of 
series capacitor 
showing bypass 
circuit breaker at 
left, protective 
gaps in center, 
capacitor units at 
right 
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tinuously changing load acting on a-cir- 
cuit consisting of the series capacitance 
and inductance of the condenser con- 
nected to the remainder of the system. A 
companion paper describes the mathe- 
matical studies that were made to deter- 
mine the feasibility of this method of 
solving the flicker problem.,* 

It appeared from these studies that it 
would be practical to neutralize from, 50 
to 75 per cent of the subtransient react- 
ance of the condenser. A study was made 
to determine the effects of a 75 per cent 
series capacitor on the 60-cycle operation 
of the system. The pertinent portion of 
the system as studied is shown in Figure 2. 
Based on two 25-mva furnaces, a furnace 
load of 49 megawatts (mw) and 38 reac- 
tive megavolt-amperes (mvar) was as- 
sumed with an initial condenser load of 10 
mvar. 27 mvar of shunt capacitors were 
required in order to maintain a satis- 
factory voltage level on the 13.8-kv bus 
and keep the condenser loading down to 
10 mvar. The system internal voltage 
and angle remaining constant, the furnace 
load was increased to 58.4 mw and 54.2 
mvar, and the resultant voltages and 
currents were calculated. The syn- 
chronous condenser, with 75 per cent of its 
reactance neutralized, picked up 7 mw 
and 14 mvar, with the remainder of the 
mva furnished from the system. The 
shunt capacitors dropped 2 mvar owing 
to the decreased terminal voltage. The 
computed voltage on the 138-kv bus then 
showed a 1.5 per cent decrease. The 
stability of the synchronous condenser 
was checked for this condition of loading 
and was found to be stable with ample 
margin. Even several successive shocks 
of this magnitude would not result in in- 
stability. A similar study, but with the 
system as it was before the furnace load 
was increased (and before the series 
capacitor was added), showed a 1.8 per 
cent flicker on the 138-kv bus. This 


solution, therefore, indicated favorable 
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Figure 8. Series capacitor volts-time distribution curve one furnace meltdown cycle 


results. This aspect of the problem is 
treated in greater detail in the companion 
paper.® 


Method Selected for Solution 
of the Problem 


In deciding the most favorable method 
of providing adequate capacity to serve 
the increased furnace load, two factors 
were of prime importance: cost, and 
length of time to complete the installa- 
tion. For both of these considerations, 
the series capacitor offered the most de- 
sirable solution of the problem. In view 
of these advantages, it was decided to in- 
stall a series capacitor, even though no 
operating experience was available on 
this type of application. The capacitor 
selected is rated at 3,600 kva and 1,200 
volts. This resulted in a 59 per cent 
neutralization of the synchronous con- 
denser direct-axis subtransient reactance. 
Although the calculations were based on 
neutralizing 75 per cent of the condenser 
reactance, the studies indicated that the 
59 per cent neutralization would be ade- 
quate. The 59 per cent value was used 
because it permitted the use of standard 
2,400-volt capacitor units utilizing a 
1,200-volt center tap. In addition, 5,000 
kva of shunt capacitors were installed to 
supply the heavier reactive load of the 


larger furnace. The cost of both capaci- 
tors was approximately 10 per cent of the 
cost of adding a transmission line. 


Description of Installation 


The series capacitor is rated: 


3,600 kva, 3-phase 60 cycle 

Line voltage: 13.8-kv 

Capacitor working voltage: 1,200 volts 
Continuous current: 1,000 amperes 
Capacitor units: 80 15-kva units per phase 
Ohms per phase: 1.2 based on nameplate 
rating: 1.12 based on average tolerance 


All three phases of the series capacitor 
are contained in one outdoor housing ap- 
proximately 10 feet high X 4 feet wide X 
37 feet long. The first three compart- 
ments of this housing contain the control 
equipment, the 15-kv bypass oil circuit 
breaker, and the instrument transformers 
and protective gaps. The remaining eight 
sections contain the capacitor units, which 
are supported on racks, mounted on 15- 
kv insulators. The housing is grounded. 
A general view of the installation is shown 
in Figure 6, 

The shunt resistor which is connected 
across the terminals of the series capaci- 
tor is composed of outdoor resistor units 
mounted on galvanized frames. Hach 


Figure 9. Typical Brush oscillograph record 
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Figure 10 (above). Schematic diagram 


A. Without capacitor 


a = Ng Xuond ) 
ay et — Ope = Xayat +X ond 


With capacitor 


a} : aay Konda’ ) 
syst K Xayat + Aoend 


frame consists of ten resistor units and is 
rated 15 ohms, 40 amperes. Each phase 
of the series capacitor is shunted with 
eight resistor frames in a series parallel 
combination with connections made so 
resistances of 30, 15, 10, or 
be obtained with current bates of 40, 
80, 120, and 160 amperes, respectively. 
Owing to space limitations, outdoor re- 


5 ohms can 


sistor units were used and mounted on the 
steel substation structure on bus supports 
instead of mounting them in a steel 
housing similar to the capacitor units, 
These resistor unit assemblies appear in 
Figure 6. 

The capacitor is connected in series 
with the phase leads of the synchronous 
when the running circuit 
The synchronous con- 


condenser 
breaker is closed. 
denser normally is started at reduced 
voltage, and the starting circuit breaker 
is connected so that the series capacitor is 
not in the circuit during the starting 
period. 

Overvoltage protection for the series 
capacitor is provided by a heavy cup- 
shaped graphite gap shunted across each 
phase of the capacitor. If the voltage 
across the capacitor exceeds the break- 
down of the gap, it flashes over and auto- 
matically bypasses the capacitor. When- 
ever current flows in the gap circuit, an 
instantaneous overcurrent relay operates, 
which closes the circuit breaker that is 
shunted across both the capacitor and 
gap. Closing of the circuit breaker ex- 
tinguishes the are in the protective gap. 
The gaps and circuit breaker are shown in 
Figure 7 

Each phase of the series capacitor is 
protected from overload by an induction- 
type voltage relay which is supplied from 
a potential transformer connected across 
the series capacitor. The minimum 
pickup of the relays is set for a voltage 
which corresponds to 115 per cent of rated 
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current. Differential protection is pro- 
vided for each phase of the series capaci- 
tor by dividing the units on each phase 
into two equal groups. Each group is 
supplied through a separate current trans- 
former and the two currents on each 
phase are differentially connected through 
an instantaneous current relay which 
closes the bypass oil circuit breaker when- 
ever the unbalance in the circuit is more 
than three times the current rating of one 
capacitor unit. The bypass oil circuit 
breaker is controlled from either of two 
manual control stations. One is located 
at the switchboard and the other at the 
control panel of the series capacitor. 

In addition to the bypass oil circuit 
breaker, the series capacitor is equipped 
with a gang-operated bypass air switch 
located on the structure above the capaci- 
tor. Also, gang-operated air break 
switches are located in both sets of leads 
to the capacitor for isolating it from the 
circuit. All switches are equipped with 
key interlocks to assure the proper se- 
quence of operation. After the capacitor 
is removed from service, a grounding 
switch must be closed before the doors to 
the capacitor housing can be opened. 


Test Results of the 
Series Capacitor Installation 


At the time the series capacitor was 
placed in service, two extensive series of 
tests were made: the first to check the 
performance of the condenser with the 
series capacitor, varying such quantities 
as the value of the shunt resistor, amount 
of buffer reactance, and so forth; the 
second, to check the effect of the series 
capacitor on the 138-kv bus voltage 
flicker, 


CONDENSER PERFORMANCE 


Oscillographic data were taken record- 
ing the following quantities: 


Voltage across the series capacitor—B¢ 
13.8-kv bus voltage—Bo 

Synchronous condenser current—Bo 
Synchronous condenser watts—Ip, 
Ep-c shifted 30° 

Furnace current—Bqo 

System transformer current—B¢ 
138-kv bus voltage—Bo 


and 


All tests were made on the 25-mva 
furnace, either during an initial melt- 
down period, or during a recharge period. 
See Figure 2 for symbols, and so forth. 
Test runs were made varying the follow- 
ing: 

Furnace transformer on 15-mva tap 


Furnace transformer on 22.5-mva tap 


Buffer reactance set at 0.50 in per unit on 
100 mva 
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Buffer reactance set at 0.30 in per unit on 
100 mva 


Buffer reactance short circuited 


Series capacitor shunt resistance set at 7.5 
ohms 


Series capacitor shunt resistance set at 15 
ohms 


Series capacitor shunt resistance set at 30 
ohms 


Series capacitor shunt resistance open 
circuited 


Series capacitor in and out of service 


The tests showed that the optimum 
value of buffer reactance was 0.30. The 
original setting of 0.50 resulted in un- 
necessarily larger condenser swings of 
current; short circuiting the buffer react- 
ance resulted in too much of the current 
being supplied from the system, 

During the tests the series capacitor 
shunt resistance was found to be neces- 
sary, and 30 ohms was accepted as a ten- 
tative setting (to keep the losses as small 
as possible). An attempt to operate with 
the shunt resistance open resulted in 
large and repeated reactive kilovolt- 
ampere swings of the synchronous con- 
denser, and it was necessary to close the 
capacitor bypass circuit breaker. 

Figure 8 shows the voltage across the 
series capacitor as a function of time. 
This is based on one complete initial 
meltdown period. The record was ob- 
tained using a Brush oscillograph so that 
the voltage during the entire meltdown 
period could be recorded. These data in- 
dicate the voltage stresses and heating 
effects of the currents to be well within 
the capacitor capability. It must be 
borne in mind that the per-cent over- 
voltage on the capacitor is directly re- 
lated to the average loading level of the 
condenser. 

The oscillograms showed that when 
the series capacitor was in the circuit, the 
real power supplied by the condenser on 
furnace surges was approximately 50 per 
cent greater than when the series capaci- 
tor was not in service. These results 
agree with the anticipated behavior. A 
stroboscope (energized from the 138-kv 
bus) flashing on the end of the synchro- 
nous condenser shaft (with suitable an- 
gular markings) showed that the degrees 
of rotor swing were no greater when the 
series capacitor was in the circuit than 
when the capacitor was not in. The 
angular swings are no greater because, 
even though the real power now supplied 
on a swing by the rotor is greater, the 
effective reactance of the machine is less. 
The angular swing of the rotor is a func- 
tion of the product of the in-phase com- 
ponent of current and the machine react- 
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ance, so the rotor swing is now no greater 
with respect to the 138-kv bus than it was 
when the series capacitor was not in the 
circuit. During the entire series of tests, 
by observation of the degrees of rotor 
swing with the stroboscope, it was never 
possible to tell whether the capacitor was 
in or out of the circuit, although it was 
evident that the swings were ‘‘snappier” 
when the capacitor was in the circuit. 


EFFECT OF THE SERIES CAPACITOR ON 
VOLTAGE CHANGES 


It was decided in measuring the voltage 
changes and the flicker voltage that the 
important point was not the absolute 
change in voltage on the 138-kv bus, but 
the change in voltage as it affected the 
output of an incandescent lamp. Ac- 
cordingly, a lamp-photo tube type flicker 
meter was used. The input voltage is ap- 
plied to a 10-watt incandescent bulb. 
The change in illumination is picked up 
by a phototube and the phototube output 
voltage is then suitably amplified and re- 
corded on a Brush oscillograph. An in- 
stantaneous change in input voltage to 
the lamp shows up as a change in output, 
reaching 40 to 50 per cent of its change in 
one cycle and 90 per cent of its change 
in six cycles. Four quantities were re- 
corded: 


Ez=138-kv B phase to neutral voltage 
(through lamp-phototube-type flicker 
meter). 

14=A phase furnace current. 

Ig=B phase furnace current. 

Ic =C phase furnace current. 


The four quantities were recorded on 
two Brush oscillographs running at syn- 
chronized chart speeds of five feet per 
minute. Figure 9 shows a typical sample 
of the record obtained. 

The recorders were run for a total time 
of about one hour, not continually but 
only at times of observable flicker on the 
13.8-kv bus at E. Two initial meltdown 
periods of the 25-mva furnace and one re- 
charge period of this furnace were thus 
recorded. At various times the 15-mva 
furnace also was in operation. During 
refining periods, the recorders were shut 
off. 


Basis for Analysis 


From the recorded data, measurements 
of changes in the 138-kv bus voltage 
were taken for a total of 350 points; 200 
points with the series capacitor in serv- 
ice; 150 points with the capacitor out. 
The rate of change of the voltage points 
considered varied from 0.1 second to 0.8 
second with the average change taking 
place in 0.2 second. These voltage 
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changes were all noncyclic in nature and 
the larger of the changes were always 
over a longer period of time. In order to 
evaluate the voltage changes in terms of 
those which are perceptible, the changes 
were assumed to be recurrent (or cyclic), 
which is a pessimistic, but safe, assump- 
tion. The period or rate of recurrence of 
these voltage changes was found to be 
between 0.8 per second to 3.3 per second. 
The magnitude and period of such changes 
were then plotted on the generally ac- 
cepted flicker perceptibility curves.‘ It is 
well known that if the change in voltage is 
made slowly enough, even a relatively 
large change will not be perceptible. The 
points thus plotted when the series capaci- 
tor was in the circuit fell well within the 
tolerable limits. When the series capaci- 
tor was not in the circuit, the points 
were at the top or slightly above the 
tolerable limit. 

In order to evaluate quantitatively the 
effectiveness of the series capacitor, the 
voltage changes were computed on the 
basis of the furnace current change that 
produced the voltage change, in other 
words, AE/AT, where AF is the change in 
138-kv B-phase bus voltage and AT the 
change in B-phase furnace current. Be- 
cause of the importance of the power fac- 
tor of the current change, a very large 
number of points must be considered be- 
fore a comparison can be made. It also is 
important that the points considered be 
actually comparable. Because of the 
thermal delay of the lamp, there fre- 
quently are points where a large change in 
furnace current causes only a small change 
in lamp output, because the current 
changes in the reverse direction before the 
lamp can respond to the full effect of the 
first change. Therefore, for this analysis, 
only those points were considered where 
the current changed in value and was es- 
sentially constant for six cycles before 
and six cycles after the change. 


Test RESULTS, , 


1. With series capacitor: AE/ AI=3 
(volts/1,000 amperes, average of 200 points) 


2. Without series capacitor: AE/AIT=5.5 
(volts/1,000 amps. average of 150 points) 

3. Voltage change without series capacitor 
(reference): 100 per cent 

4. Voltage change with series capacitor: 
55 per cent 


5. Voltage change improvement 
series capacitor: 80 per cent 


with 


Test RESULTS COMPARED WITH 
ANALYTICAL RESULTS 


The improvement in voltage change 
was approximated by comparing the ratio 
__ of reactance of the condenser (with and 


without the series capacitor) to the react- 
ance of the system in a manner as follows. 
Figure 10 shows schematically the system 
components and defines the symbols. 
Without the series capacitor: 


Xeon 
Adoyat = Aly (=) 
X syst + X cond 


With the series capacitor: 


Xeon ’ 
Aleyst’ = AIp Gs) 
X syst + X cond 


Measure of improvement 


X cond 
Alayst : X syst + X cond 
Aleit Nakaesa® 
X syst +X cond’ 


Results obtained will depend on the 
value of condenser reactance that is used. 
For rapid load changes, the subtransient 
reactance (unsaturated) should be used.? 
On a 100-mva base, this value is 1.0 per 
unit. For the slower changes, which in- 
cludes most of those here considered, the 
transient reactance (saturated) should 
be used; this value on a 100-mva base is 
1.3 per unit. Thus, using subtransient 
reactance, the measure of improvement is 
60 per cent. Using the transient react- 
ance, the calculated improvement is 30 
per cent. 

The test value of 80 per cent improve- 
ment compares favorably with the above- 
calculated values. The test value should 
be greater because the calculated im- 
provement neglected transients, the 
stored energy in the capacitor, phase 
balancing effects, and so forth. 


CycLic FLICKER 


Cyclic flicker voltages were recorded 
at relatively infrequent intervals. There 
were not a sufficient number of these 
cyclic variations to permit a comparison 
of magnitudes to show the effect of the 
series capacitor. The cyclic variations 
that did occur were predominately at a 
rate of six ¢ycles per second and lasted 
over a period of time from 0.3 second to 
3.5 seconds, with the great majority last- 
ing 0.5 second. Plotting these values on 
the flicker perceptibility curves’ showed 
that these variations were within the 
tolerable limits. Observers’ comments 
state that there is no objectionable flicker 
since the series capacitor is in operation, 
even with the increased furnace load (from 
15 to 25 mva). 


Operation 


The series capacitor was placed in 
service in January 1950, and its operation 


has proved very satisfactory. With the 
series capacitor in service, the voltage 
flicker with the 25,000-kva furnace in 
operation is less than it formerly was with 
a 15,000-kva furnace. The average load- 
ing of the condenser was reduced ap- 
proximately 8,000 kva to allow thermal 
capacity for the larger current swings in 
the machine. To compensate for this 
reduction, a 5,000-kva bank of auto- 
matically-switched capacitors was in- 
stalled. The switching is controlled by 
the loading of the condenser. 

The automatic voltage control of the 
synchronous condenser is equipped with a 
field limiting control which allows the 
13.8-kv bus voltage to sag if the kvar re- 
quired to hold it constant are more than 
the machine can supply without becoming 
overloaded. “The field limiter control was 
readjusted and set not only for the ther- 
mal overload protection to the synchro- 
nous condenser, but also to prevent by- 
passing the series capacitor from over- 
loads. This control is important in the 
successful operation of the series capaci- 
tor. After the correct setting had been 
obtained, by trial and error, operation of 
the series capacitor was much improved. 
A control for limiting the kvar taken by 
the condenser when the furnace load is off 
might also be desirable. Such a control 
should be actuated by the terminal volt- 
age of the condenser. 

After the initial tests were completed, 
the series capacitor was placed in service 
with the shunting resistor set at 30 ohms. 
During the first two weeks of operation 
the synchronous condenser tripped auto- 
matically ten times during periods when 
the condenser was lightly loaded. The 
value of the shunting resistor was de- 
creased to 15 ohms and no further trouble 
has been encountered. No difficulties due 
to ferroresonance have been experienced. 

Initially, the protective gaps were set 
to spark over at 2,700 volts, and they 
flashed over rather frequently at this 
setting. Very few overload operations oc- 
curred with the gaps set at this value. 
The setting of the gaps was increased to 
3,100 volts sparkover, and the operation 
was much improved. At this value, 
about an equal number of overload and 
overvoltage operations occur. 

The series capacitor is bypassed from 
overload or overvoltage approximately 
21/, times per day. This frequency of 
operation of the bypass protection is much 
higher than normally encountered in 
series capacitor applications; however, no 
adverse results have been noted. The 
number of operations could be reduced by 
decreasing the average reactive supplied 
by the synchronous—condenser, which 
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would require additional power factor 
correction equipment, Further study is 
being given to this phase of the installa- 
tion in order to determine the best com- 
promise between the number of gap 
operations that should be permitted and 
the amount of equipment required to de- 
crease the number of operations, When- 
ever the series capacitor is bypassed, the 
synebronous condenser remains on the 
line, although it may not he able to sup- 
ply all of the corrective kilovolt-amperes 
needed, 
This is not considered troublesome, 
installation ig Jocated at an 
Whenever the series 
capacitor is automatically bypassed, the 


as the 
attended station, 


operator does not restore the series capaci- 
tor to service until the synchronous 
condenser loading is less than 60 per cent 
of rated current. 

After about eight months of operation 
with the series capacitor in service, the 
end bells of the synchronous condenser 
were removed and the windings inspected 
for evidence of mechanical stress or 
loosening of the coil bracing. This 
machine is very well braced at the coil 
ends and no evidence of any mechanical 
stress was observed, 

From the operation to date, the series 
capacitor has proved to be a very satis- 
factory solution to a difficult voltage 
flicker problem. 
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No Discussion 
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Capacitor Switching Phenomena 


R. C. VAN SICKLE 
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HE capacitor switching performance 

of a circuit breaker has been found to 
depend on the power supply system as 
well as on the size of the capacitor bank 
switched. Experimental data show that 
the voltage drop produced by the capac- 
itor current flowing through the source 
inductance determines the time when the 
arc first extinguishes and the correspond- 
ing contact separation. Restrike-free 
operation is obtained if the arc is extin- 
guished only after a contact separation is 
reached which produces a_ dielectric 
strength always greater than the re- 
covery voltage. This condition is not met 
by all breakers at all times, and the 
factors controlling capacitor switching 
phenomena reveal when and why re- 
striking occurs. 

These relations have been studied ex- 
perimentally at voltages up to 14.4 kv 
and with capacitor banks up to 18,000 
reactive kilovolt-amperes. 

During the large number of tests, about 
1,500 on oil circuit breakers and 600 on 
magnetic air circuit breakers, many of 
them with restrikes, the maximum volt- 
ages reached were 2.5 times the normal 
crest of phase-to-ground voltage for oil 
circuit breakers and 2.0 times for mag- 
netic air circuit breakers. The com- 
pressed air circuit breakers tested up to 
25,000 reactive kilovolt-amperes at 13.8 
kv with and without a parallel bank 
operated restrike-free. 

The increasing use of power capacitors 
and their application in larger sizes makes 
desirable a thorough knowledge of the 
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phenomena which accompany _ their 
switching. The circuit breakers which 


are used for this service are subjected to 
conditions peculiar to these types of cir- 
cuits. They must handle not only the 
normal current and short circuit currents 
but also the currents and voltages which 
appear during the closing and opening of 
circuits to capacitor banks. 

To determine these phenomena and the 
performance of ‘‘De-ion” grid oil circuit 
breakers, plain-break oil circuit breakers, 
magnetic blast air circuit breakers, and 
compressed air circuit breakers, the ex- 
tensive testing mentioned above has been 
conducted in the Westinghouse High 
Power Laboratory. These tests have es- 
tablished that for circuit breakers which 
may restrike the performance is deter- 
mined by the circuits supplying the power 
and exerting their influence through the 
transient recovery voltage appearing 
across the contacts of the circuit breaker. 
The source impedance and the capaci- 
tances, including parallel capacitor banks 
if any, determine the amplitude and fre- 
quency of the initial part of the transient 
recovery voltage and thereby whether 
the circuit breaker will restrike. 

At the outset of the investigation, un- 
expected results were obtained during a 
series of abotit 150 switching operations 
which were performed with an oil cir- 
cuit breaker on a capacitor bank, the 
size of which was increased in steps 
while the voltage and the circuit which 
fed the capacitor were left unchanged. 
The number of restrikes and the mag- 
nitude of the overvoltage showed irregular 
fluctuations as a function of capacitor size 
up to a value above which the operation 
becomes completely restrike-free. 

This result was not explained by the 
available literature and was actually con- 
trary to the prevailing opinion which ex- 
pected restrike-free operation below a cer- 
tain critical capacitor size and restriking 


for capacitors in excess of this critical 
This inconsistency added interest 
to the experimental study. 

About 2,100 oscillographically-recorded 
switching operations on capacitor banks, 
ranging in size from 1,300 to 18,000 
reactive kilovolt-amperes were made. 
In some of the tests capacitor banks were 
connected to the source side of the circuit 
breaker. Oil circuit breakers, with con- 
tact speeds ranging from 3.7 feet per 
second up to 14.5 feet per second, mag- 
netic blast air circuit breakers of the DH 
type and compressed air circuit breakers 
were used. The circuit for the 14.4-kv 
tests is shown in Figure 1. Both mag- 
netic and cathode-ray oscillograms were 
taken. The voltage range from 14.4 kv 
down to 2.3 kv was tested. 


size. 


Definitions 


In the following discussion of the test 
results some terms will be used with the 
following specific meanings: 

The term “‘restrike’’ is used to denote a 


GENERATOR 


BACK-UP BREAKER 
REACTOR 


CLOSING SWITCH 


TRANSFORMER 
865 TO14.4 KV. 


TEST BREAKER 


LINE BANK 
CAPACITORS 


LOAD BANK 


Figure 1. The test circuit provided for chang- 
ing source impedance, line bank capacitance 
and load bank capacitance 
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Equivalent circuit for capacitor 
switching 


Figure 2. 


re-establishing of the current after a 
pause discernible on a magnetic oscillo- 
gram. Current pauses of less than 1/4- 
cycle duration can produce no significant 
overvoltages and frequently are referred 
to as either a reignition or a delayed re- 
ignition to identify them with the other 
unimportant reignitions of the are which 
occur when the recovery voltage is able 
to restart the are with no current pause 
discernible on a magnetic oscillogram. 
However, with the emphasis in this paper 
on the discernible pause, or arc extinction 
time and on whether the current flowed 
subsequently, it is simpler to group de- 
layed reignitions with restrikes. 

The term “are extinction time’’ de- 
notes the length of time from the separa- 
tion of the circuit breaker contacts to the 
first extinction of the are but does not in- 
clude restrikes, if any. Therefore, it may 
be less than “arcing time’ defined by 
standards of the American Standards 
Association. 

Normal voltage denotes the crest of the 
phase-to-ground steady-state voltage with 
the capacitor bank energized. 

Overvoltages are given in multiples of 
the normal voltage (1Xnormal voltage 
means no overvoltage. ) 

The number of restrikes is the per- 
centage of 3-phase interruptions in which 
one or more restrikes occur. 


Factors Controlling 
the Performance 


In the experimental testing, as in ac- 
tual service, the results of successive 
switching operations under the same main 
conditions vary. On almost all of the 
tests no attempt was made to part the 
contacts at a particular point on the cur- 
rent wave and several tests were made for 
each condition to determine the range of 
performance. With the contacts of all 
three poles parting simultaneously, the 
first current zero would occur anywhere 
within the first 1/6 cycle. Ata contact 
speed of 5 feet per second, the contacts 
move 1 inch in 1 cycle so a slight varia- 
tion in height or alignment of overlapping 
contacts can lengthen the time to the 
first current zero, Differences in arcing 
time cause differences in arc lengths, dif- 
ferences in the amount of gas produced, 
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Figure 3. The inductive drop in the source 

impedance may produce a high frequency 

transient component in the recovery voltage 
across the circuit breaker 


and differences in the recovery of dielec- 
tric strength, so slight variations in per- 
formance must be expected. 

The performance of a circuit breaker, 
when switching capacitor banks, is de- 
termined jointly by the characteristics of 
the circuit breaker itself, the size of the 
capacitor bank and the characteristics of 
the system to which the capacitor is con- 
nected. All these factors exert their in- 
fluences through only two quantities: 

1. The recovery of the dielectric 
strength in the circuit breaker after the 
extinction of the are. This quantity is 
mainly influenced by: 


1. Characteristics of the interrupter of the 
circuit breaker. 


2. Speed with which the contacts of the 
circuit breaker separate. 


3. Special measures, like forced oil flow 
and so forth. 


4. Size of the load bank (ionization of the 
are space). 


2. The first half-cycle of the recovery 
voltage. It has a system frequency com- 
ponent and a transient component with 
a magnitude and frequency which are in- 
dependent of the characteristics of the 
circuit breaker itself (unless it inserts 
resistors) and are mainly influenced by: 


1. Operating voltage (magnitude). 
2. Size of load bank (magnitude). 


8. Inductance and capacitance of the 
source (magnitude and frequency). 


4. Inductance and capacitance of the line 
between source and capacitor (magnitude 
and frequency). 


5. Size of the line bank (magnitude and 
frequency). 


The influence of the initial transient 
component manifests itself in various 
ways. For instance, as will be shown, it 
alone accounts for the very marked dif- 
ference in the performance of a circuit 
breaker on a certain load bank with and 
without a large line capacitor bank. On 
the other hand the dependence of the 


Figure 4. A parallel capacitor bank makes 
negligible the transient component of the 
recovery voltage across the circuit breaker 


switching performance on the source re- 
actance and the size of the load bank is 
determined jointly by the initial transient 
and the recovery of the insulation 
strength. 


Capacitor Switching Circuit 


Figure 2 shows the simplified, single- 
phase equivalent circuit of a source, 
capacitor bank, and circuit breaker. Ly 
is the inductance of the source, C, the 
capacitance of the bank to be switched 
(the load bank), C, capacitance of the line 
or the line bank if any, and Le, and Ls 
are small line inductances in and between 
the two capacitor banks. 

This equivalent circuit and conse- 
quently the mechanism of the interrup- 
tion is qualitatively the same regardless 
of whether there is a parallel bank on the 
line. The difference is in the magnitude 
of C;. The line capacitance is small but 
the capacitance of an actual line bank 
will be relatively very large. Conse- 
quently, the natural frequency of the Ly 
and C; circuit with a major parallel bank 


on the line, f,=1/(27 VLG will be low 
(usually much less than 1 ke), and high 
(in the order of 10 ke and above) with 
no parallel bank. 


The Transient Recovery Voltage 


That it is relatively easy to extinguish 
an are in a capacitive circuit and that 
1/2 cycle elapses before maximum re- 
covery voltage is applied is well known. 
The nature of the transient recovery 
voltage has been recognized.’ High- 
voltage circuit breakers interrupting the 
charging currents of transmission lines 
have been designed to take advantage of 
the sharp initial rise in transient recovery 
voltage. However, since it plays a big 
part in capacitor switching, its charac- 
teristics will be described. 

The current will be interrupted at a 
current zero, 4, (Figure 3). At this time 
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the terminal voltage on the capacitor e, is 
maximum, Since the current through the 
circuit breaker is interrupted, the charge 
will be left on the capacitor and its volt- 
age will remain constant /, after the in- 
terruption. (The inductive drops in Ly 
and Ls are considered negligible except 
for transient currents between the two 
capacitor banks. ) 

Prior''to the interruption, capacitive 
current is flowing in the inductance Ly 
and consequently voltage es is larger than 
é. When the current is interrupted at h, 
and if the current in C; is assumed to be 
very small, the induced voltage in the in- 
ductance L; disappears and consequently 
voltage e3 has to become equal to e,. Such 
a change in the oscillatory circuit LC; can- 
not happen instantly but is accomplished 
by a transient with a frequency equal to 
the natural frequency of the circuit f; and 
an initial amplitude equal to the disap- 
pearing induced voltage in Ly. 

The voltage across the circuit breaker, 
the transient recovery voltage is approxi- 
mately : 
v=;—e, = —Ey cos 2r60t—(E, —E,) e—*™* 

cos 2nf\t+ EF, 


If no line bank is present the initial part 
of the transient is rapid and is determined 
almost entirely by the high frequency 
component because during this time 
cos 2760t remains practically constant. 
v=(E,—E,)(1—e ™ cos 2rfit) 

(approximately) 


This transient voltage has a first crest 
of nearly twice the steady voltage drop in 
the source reactance and a frequency as 
determined by the circuit on the source 
side of the circuit breaker. Consequently 
this initial transient is completely deter- 
mined by the size of the load bank (am- 
plitude) and the characteristics of the 
system to which this bank is switched 
(amplitude and frequency) but is inde- 
pendent of the characteristics of the cir- 
cuit breaker, assuming that for the load 
currents of capacitor banks the circuit 
breaker has negligible are voltage and 
negligible post-are conductivity. 

If the transient is slow as shown on 
Figure 4, the insulation strength, v;, at a 


Figure 5 (below), Cathode ray oscillogram of 

recovery voltage across a circuit breaker with 

no parallel bank. Crest of high-frequency 

component caused reignition of arc at two 
previous current zeros 


TIME ees 
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short contact separation will exceed the 
recovery voltage up to time f,. Conse- 
quently the arc is extinguished at ft, a 
short are extinction time, but restrikes at 
bo. 

A parallel bank connected to the sys- 
tem probably will make the natural fre- 
quency so low that the initial part of the 
recovery transient is determined by both 
the natural frequency and system fre- 
quency components. The rate of rise of 
voltage across the circuit breaker con- 
tacts is then so low that are extinction oc- 
curs at the first current zero. Figures 5 
and 6 show two cathode-ray oscillograms 
taken of the recovery voltage under iden- 
tical circumstances except that in the case 
of Figure 6 a line bank was present. A 
low frequency of the transient component 
prevents any significant potential from 
appearing across the are gap during the 
initial part of the transient recovery volt 
age. This shows that the importance of 
the transient component disappears when 
its frequency is reduced to only a few 
hundred cycles per second by the addition 
of a parallel bank. 


The Recovery of 
Dielectric Strength 


The recovery of the dielectric strength 
in the circuit breaker which is shown by 
dotted lines vj, v,;’, and »v,” on Figure 3 will 
be determined by the characteristics of 
the circuit breaker and the current which 
is interrupted but is not influenced by the 
presence of a parallel bank. At any given 
current zero, aninitial “‘dielectric strength” 
is available and depends on the contact 
separation and deionizing means. During 
the following half-cycle it increases as in- 
dicated, due to deionization and lengthen- 
ing of the gaps. 

If the current zero occurs with a con- 
tact separation which gives a recovery of 
dielectric strength corresponding to 
the fast rising recovery voltage will cause 
the are to reignite with no perceptible (on 
a magnetic oscillograph) pause in the 
current wave. The current will flow until 
a subsequent current zero at which time a 
greater contact separation may give a 
recovery of dielectric strength correspond- 
ing to v,’._ Since the dielectric strength 
now exceeds the high frequency com- 
ponent of the recovery voltage, the arc 
will extinguish but will restrike at ty. 


Figure 6 (right). 
Recovery voltage 
for condition 
identical to Fig- 
ure 5 except a 
parallel bank was 
connected 
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If the dielectric strength has increased to 
curve v,” the recovery voltage never ex- 
ceeds it and no restriking occurs. For 
other circuit breaker characteristics the 
slope of the curve may be greater and any 
gap which will cause extinction at 
will not restrike. 


Recovery of Dielectric Strength 
and Restriking 


To obtain restrike-free performance 
from a circuit breaker, the recovery of di- 
electric strength must exceed the re- 
covery voltage at all times after the arc 
extinguishes. With an ‘‘infinite’’ source, 
I,=0, the initial transient in the re- 
covery voltage disappears and only a 
system frequency voltage appears across 
the circuit -breaker contacts reaching a 
maximum in 1/2 cycle. By adequate 
speed, forced oil flow, blast of compressed 
air and so forth, a circuit breaker can be 
made to restore its dielectric strength at 
this rate or faster and it extinguishes the 
are without restrikes at the first current 
zero, even if the contacts separate at that 
instant. Many circuit breakers do not 
meet this requirement and restrike. 

The source inductance is, of course, 
never zero and the natural frequency com- 
ponent of the recovery voltage is always 
present. However, as already men- 
tioned, the frequency may be so low when 
a load bank is connected that the natural 
frequency component is negligible in the 
comparison with the recovery of dielectric 
strength and consequently the perform- 
ance is the same as with an infinite source. 

When the source is not infinite and 
there is no parallel bank, the initial part of 
the transient may lengthen the arcing, 
causing the currents in one or more 
phases to pass through zeros without ex- 
tinguishing. On these circuits, circuit 
breakers may operate restrike-free in one 
range of current and restrike in another as 
shown by the experimental data in this 


paper. 


The Phenomena Discussed for 
Single-Phase Circuits is Basically 
the Same for 3-Phase Circuits and 
for a Resistance-Inserting Circuit 
Breaker 


The discussion of restriking is on the 
basis of the single-phase diagram but the 
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principles apply equally well to 3-phase 
switching and to the first step of capacitor 
switching by inserting resistance. In the 
case of 3-phase switching with un- 
grounded neutrals, the system frequency 
component of the transient recovery volt- 
age reaches a value of approximately 2.5 
times the normal phase-to-ground voltage 
due to a neutral shift after the first phase 
opens. The single-phase circuit would 
give about 2.0 times. If step-type in- 
terruption is used, the 2.5 times of the 3- 
phase circuit is reduced by an amount de- 
pending on the value of the resistor which 
is being inserted. The voltage on the 
source side is relatively independent of 
the resistor so the difference in recovery 
voltage on the circuit breaker will be 
caused by the voltage change on the 
capacitor as its charge is drained by the 
resistor. 

The current flowing through the re- 
sistor is proportional to the voltage 
across it, so the initial draining of charge is 
small and a relatively low resistance must 
be used to make a significant reduction in 
the voltage at the end of the first half 
cycle.2 At the time of current zero a 
resistor tends to keep the voltages equal 
on both sides of the circuit breaker and 
may prevent the initial voltage impulse 
from being able to reignite the arc. Thus 
early extinctions before adequate gaps are 
obtained may be produced. 

This occurred on two series of tests 
when resistors were added to give 2-step 
interruption. Both sets of resistors in- 
creased the number of restrikes from 
about 60 to 100 per cent. 


The Effect of the Size of the 
Capacitor Bank 


The effects of varying the size of the 
capacitor bank at a given location and 
with no line bank, were determined by 
tests made at 14.4 kv on a circuit which 
could supply.110-megavolt-ampere short- 
circuit power, The results are shown in 
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wo 
ing capacitors on a a 
14.4-kv circuit capable 3 
of producing a short | 2 
circuit of 110 megavolt- 2 
amperes. Notice erratic Bis 

performance at 3.7 feet 5 o 

per second 4 & 

6, io 

ec 

on 

Figure 8 (right) A w & 
compari ith Fi a05 

parison with Figure °° ® 

7 shows the effects of Py > 
earlier arc extinction 0 


caused by an 8,000- 
kvar parallel capacitor 


bank 


800 AMP. 
20,000 KVA 


Figure 7. Except at the highest contact 
speed, arc extinction time increased al- 
most linearly with the size of the capac- 
itor bank. The number of restrikes were 
zero for large capacitor banks, but as the 
size of the bank was reduced the number 
of restrikes fluctuated widely, particularly 
with contact speeds of 3.7 feet per second 
as mentioned previously. Each of the 
points in Figure 7 is based on from 12 to 
21 openings of the 3-phase bank and a 
larger number of tests should not have 
made a large shift in the location of a 
point. 

The maximum overvoltages which are 
important criterions of the performance, 
fluctuated with the number of restrikes in 
general being lower when restrikes were 
more likely to occur. Restrikes usually 
occurred only in one of the three phases 
and repeated restrikes were exceptional. 
The largest overvoltage on the capacitor 
occurred in those exceptional eases when 
two of the phases restruck simultaneously 
while the third phase remained inter- 
rupted. The overvoltage above ground 
reached 2.5 times normal in both of the 
restriking phases with opposite polarity. 
For this voltage, the individual capacitors 
are subjected to voltages of 2.5 times their 
normal crest voltages if they are star- 
connected and 5/3 or 2.9 times if they 
are delta-connected. 

The effect of speed in eliminating re- 
striking is shown by the restrike-free per- 
formance at 14.5 feet per second. AI- 
though only one point is shown for this 
curve it is established because larger 
capacitor banks were switched without 
restriking on circuits of larger short-cir- 
cuit power. 


A Parallel Bank Increases 
the Tendency to Restrike 


Striking differences in the switching 
performance are caused bythe presence 
of a parallel bank. They are apparent 
from a comparison of Figures 7 and 8 
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which show corresponding data taken 
under identical circumstances except that 
in the case of Figure 8 a parallel bank of 
about 8,000 reactive kilovolt-amperes 
was connected on the source side of the 
circuit breaker. 

Restrikes which usually had been 
limited to one in one of the phases and had 
occurred on some of the tests (from 0 to 
80 per cent at a current setting) in- 
creased, when a parallel bank was added, 
to several in all of the phases and on all of 
the operations except for the tests at 14.5 
feet per second which were restrike-free. 
At no other speed was statistically com- 
pletely restrike-free operation observed 
with a parallel bank and even single re- 
strike-free operations were quite excep- 
tional. The restrikes in each phase were 
of short duration, high current intensity, 
high frequency, rapid attentuation and 
were usually repeated from one to six 
times at short intervals during a period of 
about 3/4 cycle. 

Characteristic are the data given in 
Table I which refer to an 11,000-kva load 
bank at 14.4 kv and a contact parting 
speed of 5.7 feet per second: 


Table | 
Maximum Average 
Over- Arc Ex- 
Per Cent voltage tinction 
of Times Time In 
Restrikes Normal Cycles 
No parallel bank...9........ 2.5, .cenitenaians 1.2 
30-kva parallel 
hanks isp ioasows Bt teaertic ncn PAM Tee A evr, 0.8 
8,000-kva_ par- 
allel bank....... OO ie sie teres 1. Sa peeeee 0.5 


Oscillograms in Figures 9 and 10 illus- 
trate the differences in the phenomena. 
The origin of these differences is that the 
presence of a parallel bank reduces the 
initial rate of rise of recovery voltage 
across the circuit breaker and causes the 
arc to become extinguished at the first 
current zero, at which time the recovery 
of dielectric strength cannot prevent re- — 
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striking except at very high contact 
speeds. 


A Parallel Bank 
Reduces the Overvoltages 


On the other hand, the overvoltage is 
bound to be relatively small with the pres- 
ence of a line bank comparable in size to 
the loadbank, since at the instant of the 
restrike f, the two banks are charged at 
different potentials (Figure 3) and are 
discharged against each other by the re- 
strike. Consequently, their voltage tends 
to an intermediate value determined by 
their relative capacitances, The larger 
the line bank, the lower the amplitude of 
the voltage transient of the combined 
banks which oscillate with the inductance 
Ly. 

The parallel banks, by increasing the 
tendency to extinguish the arc early, at 
small contact separations, also limit the 
voltage which can appear across the cir- 
cuit breaker by the lower dielectric 
strength of the arc spaces. If the recovery 
voltage exceeds the dielectric strength, a 
restrike occurs and the transient equalizes 
the voltages on the two sides of the in- 
terrupter but the amplitude of the tran- 
sient voltage is small and does not produce 
high overvoltages. The current of the 
restrike may leave the bank charged at 
less than a normal crest voltage and there- 
by reduce the voltage which can subse- 
quently appear across the circuit breaker. 

Both of these limiting actions have 
been discussed previously but another 
action of the parallel bank which was 
equally effective was observed in the 
oscillograms taken on these tests. Theo- 
retical studies have assumed that the arc 
would extinguish at a normal current zero 
leaving the capacitor charged to the crest 
of its normal voltage. The are in a capaci- 
tive circuit is no different than the arc 
in an inductive circuit and oscillograms 
on power circuit breakers have shown 


(( 


Figure 9. Switching an 11,000-kvar 14.4-kv bank of capacitors with no 


parallel capacitor bank 
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that such arcs may become unstable as 
they approach zero.* The instability is 
greater at relatively small currents and is 
observed throughout the range of cur- 
rents encountered in capacitor switching. 
The instability of an arc is increased if a 
large capacitance is on the source side of 
the circuit breaker since a sudden de- 
crease in the are current is not accom- 
panied by a large and rapid rise of voltage 
to sustain the arc. Ifin Figure 2 capac- 
itances C, and C, are equal and the 
arc becomes unstable when e,=0.8 of E, 
the are interrupts the circuits and all of 
the current flowing through L; is forced to 
flow into Cj. This doubles the current 
flowing in C, and momentarily its voltage 
begins to rise at double its previous rate, 
de/dt=1i/C. NWHowever, the voltage on C, 
reaches less than 0.8 E,+2 0.2 E.=1.2E 
as higher voltage rise at C, reduces the 
current more rapidly to zero. Thus 
a parallel bank increases the instability of 
the arc and leaves the disconnected bank 
charged to less than crest voltage. This 
phenomena was so common on these tests 
that a cathode-ray oscillogram to illus- 
trate the effect of the parallel bank on the 
transient recovery voltage could not be 
found with an interruption at a normal 
current zero. Consequently, Figure 6 
also illustrates an interruption which left 
the capacitor charged to about 90 per cent 
of crest voltage. 

In these three ways parallel banks so 
effectively facilitate interruption that 
even though several restrikes occur, the 
overvoltages are under 2.0 times normal. 


A Parallel Bank Increases the 
Momentary Currents 


When one capacitor bank is connected 
to another by the closing of a switch, or 
by a restrike, any difference of potential 
between the two banks is eliminated by a 
redistribution of charge. The equalizing 
current 7, flows through the switch and 


the small inductances of the connecting 
circuits LZ, and L; of Figure 2. The fre- 
quency and current of this equalizing 
transient are high: 
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which reduces to: 
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The ratio of the maximum momentary 
current to the steady-state current (of a 
3-phase capacitor) would be approxi- 
mately: 


1m acon Sx : 
Iga Co (Cr+ C2) (L2 + Ls) 


The inductances are not independent 
of the capacitances because an increase in 
the size of a capacitor bank causes an in-~ 
crease in physical dimensions and an in- 
crease in the inductance of the circuits. 

For the various circuits used in the 
laboratory tests, the peak currents with 
parallel capacitors were up to 70 times the 
normal peak current and about four times. 
larger than without parallel banks. 


General Relationships are Disclosed 
by These Data 


Knowing the performance of a circuit 
breaker switching various sized banks at a 
given location, with or without a parallel: 
capacitor bank, leads to a general under- 
standing of the phenomena and of what 
can be expected, but the possible com- 
binations of power systems, circuit 
breakers, and capacitor banks are so. 


Figure 10. Switching a 11,000-kva 14.4-kv bank of capacitors with 


| an 8,000-kvar 14.4-kv bank on the line 
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numerous that it is not always easy to 
estimate the performance for a new set of 
conditions from the known performance 
under another set. The tests show that 
the performance can be predicted if at a 
number of capacitor steps through the 
permissible current range, a determina- 
tion is made of the value of the minimum 
source impedance 1; (or inversely the 
short circuit current) which produces re- 
strike-free operation. 


Arc Extinction Time Proportional to 
Amplitude of High-Frequency 
Component of Recovery Voltage 


The transient component of the re- 
covery voltage determines when the arc is 
extinguished. The tests show that if this 
transient component has a frequency of 
over a few thousand cycles per second, its 
amplitude and the arc extinction time are 
directly proportional. Consequently, it 
determines the contact separation and 
dielectric strength of the are gap at the 
time of are extinction. At the time of 
current zero, this high frequency com- 
ponent imposes a recovery voltage on the 
circuit breaker similar to the recovery 
voltage of a lower voltage inductive cir- 
cuit. Consequently, the initial value of 
dielectric strength V;, Figure 3 must be 
appreciable to accomplish an interruption 
and the minimum are extinction time in- 
creases with the amplitude of this voltage. 

This is demonstrated in Figure 11 by 
data taken with a contact speed of 7.5 
feet per second and 14.4 kv with various 
values of load capacitor bank C, and 
source impedance L;. The average arc 
extinction time varied almost linearly 
with the part of the voltage drop in L; 
caused by the current of the capacitor C2. 
The deviation near zero might be ac- 
counted for by the nonlinear relation be- 
tween are extinction time and gap be- 
tween contacts caused by the shapes of the 
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Arc extinction time varies almost linearly with 
the amplitude of the high frequency component of the re- 


Table Il 


Restrike-Free if 
Arc Extinction 
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moving contacts, stationary contacts and 
arcing horns, and by the acceleration of 
the contacts. 

The data also indicates that the are ex- 
tinction time is independent of the size of 
the capacitor bank. The numbers at the 
plotted points give the size of the capaci- 
tor bank in megavolt-amperes and 
points for both 2.8 and 18 megavolt- 
amperes fall along a large part of the 
curve. 

The results, therefore, indicate that the 
average extinction time is dependent only 
on the voltage drop in L,; caused by the 
current of the capacitor C». 


FE, —E,=2afL, X E2nfCr 
ae (2rf)? Coke 


For a given product of L;C, this voltage 
drop and the amplitude of the transient 
component of the recovery voltage was 
constant. Since the are extinction times 
are equal, it follows that the initial dielec- 
tric strength at these times, or contact 
separations, must be equal and therefore 
is relatively independent of the current 
interrupted. This appears reasonable be- 
cause these currents of less than 1,000 am- 
peres produce no significant post-are con- 
ductivity in the are space of oil circuit 
breakers.4| Any dependence that may ex- 
ist is concealed by the inherent random- 
ness of the phenomena and the inaccura- 
cies of the measurements, 
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On Figure 11 black dots indicate the 
settings where restrikes occurred. Al- 
though the general trend is for the opera- 
tion to become restrike-free at large per- 
unit voltage drops and corresponding 
longer are extinction times, the minimum 
voltage drop or are extinction time where 
the operation becomes restrike-free is a 
function of the interrupted current, or the 
size of the capacitor bank. For example 
as shown on Figure 11 with a bank of 
18,000 kva restrikes occur as high as 0.09 
per-unit voltage drop or 0.095 cycle 
average arc extinction time while on a 
bank of 2,800 kva the highest per-unit 
voltage drop where restrikes were meas- 
ured is 0.058. 

More specifically for every value of 
capacitor current the operation becomes 
restrike-free if the arc extinction time ex- 
ceeds a critical value. This critical value 
can be determined easily from oscillo- 
grams. For example for the oil circuit 
breaker tested at 14.4 kv and 5.7 feet per 
second contact speed, the minimum re- 
strike-free arc extinction time increases 
almost directly in proportion to the size 
of the smaller banks and less rapidly for 
larger banks. See Table II. 

Although the initial recovery of dielec- 
tric strength is relatively independent of 
the current interrupted (in the range of 
capacitor bank currents), this indicates 
that the dielectric recovery which follows 
through the next half-cycle is dependent 
on the current which has been passing 
through the are. Possibly the initial re- 
covery is the recovery of an ionized are 
path between contacts and the subse- 
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Figure 12. The operation is restrike-free if the maximum possible 
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short circuit at the capacitor location is below a critical value in- 
dicated by the curve. 
breaker switching a capacitor bank at 14.4 kv and having a 7.5-feet- 

per-second contact speed 


This curve is for a “'De-ion" grid oil circuit 
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Figure 15. Overvoltages vary with the size of the capacitor bank 
which is being switched. If the contact movement is slow and several 
current zeros are passed to reach the arc extinction time of the largest 
banks, zones of high and low overvoltages alternate as the size of the 
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Figure 13. 


Interruption at the nth current zero. 


Dielectric strength 


a half cycle after arc extinction and at a given contact separation 


varies with current interrupted 


quent recovery is the increase in dielectric 
strength of an increasing gap in a mixture 
of oiland gas. The larger the current and 
the longer the arc, the greater the amount 
of gas between contacts and the slower 
the recovery of dielectric strength. 

It should be recognized clearly that the 
actual average arc extinction time is com- 
pletely independent of the minimum arc 
extinction time at which the operation is 
restrike-free. The actual are extinction 
time is determined solely by the high fre- 
quency component of the recovery volt- 
age and may be either shorter or longer 
than the minimum restrike-free arc ex- 
tinction time. It, in turn, is dependent 
only of the size of capacitor bank, and the 
voltage. If the actual arc extinction time 
is longer than the minimum restrike-free 
are extinction time the operation will be 
restrike-free. If it is shorter the circuit 
breaker restrikes. 


Restrike-Free Operation is Obtained 
when Short-Circuit Current is 
Below a Critical Value which is a 


Function of Capacitor Current 
(( 


The voltage drop in the source induct- 
ance caused by load bank current was ex- 
pressed as per-unit voltage, a value which 
is significant as representing the ap- 
proximate voltage regulation caused by 
connecting or disconnecting the capacitor 
bank. Another related and significant 
quantity is the short-circuit power which 
can flow at the location of the bank. 
This is inversely proportional to the 
source inductance J; and therefore in- 
versely proportional to the voltage drop 
through it caused by the capacitor bank. 
Consequently, the lower the short circuit 

_ current at a capacitor location, the higher 
_" be the per-unit voltage drop caused 
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by the capacitor, and the longer the 
average arc extinction time. At some 
value (called in the following ‘Critical 
short circuit current”) the average arc 
extinction time exceeds the minimum 
time which produces restrike-free per- 
formance. For all lower values of short- 
circuit current the performance is re- 
strike-free. For convenience, the critical 
value can be expressed as critical short- 
circuit power. 

In a co-ordinate system of load-capac- 
itor kilovolt-amperes versus system short- 
circuit kilovolt-amperes, these values 
of the critical short circuit power repre- 
sent a limit curve which divides the plane 
into a restrike-free and a restriking re- 
gion as shown in Figure 12. This figure 
illustrates the relations for 14.4 kv and 
7.5 feet per second contact speed with no 
parallel bank on the line. It also contains 
points of actual measurement which 
serve as verification of this curve. Ap- 
proximation of this limit curve is pos- 
sible in the form of a straight line which 
has the equation: 


short circuit mva=25+0.0075 X capacitor 
kva 


RESTRIKING 


RESTRIKE- FREE 


OVERVOLTAGE-TIMES NORMAL 


T Ts 1 uy I, AMP. 
INTERRUPTED CURRENT 
(kVA), (KVA),(KVA),  (KVA), (kVA), 


CAPACITOR SIZE 


Figure 14, Interruption at the nth current 
zero. Overvoltages produced by a switching 
operation are highest when the currents are 
near the range of restrike-free operation 


- 
- 


capacitor is increased 


Similar relations can be established at 
other contact speeds and voltages. 


Infrequent Restriking Produced 
the Highest Overvoltages 


In general, overvoltages were higher 
when their occurrence was less frequent. 
To show the reason, it may be assumed 
that although current varies, the are 
reaches a current zero and extinguishes 
always at the same arc extinction time 
and contact separation. This can be ob- 
tained by varying the inductance to keep 
the product of Z,C: constant. This also 
will keep the first crest of the recovery 
voltage at approximately the same value. 
The recovery voltage would vary with 
current as the frequency of one com- 
ponent depends on 1,C;. However, as 
this frequency is many times 60 cycles the 
recovery voltage will be assumed iden- 
tical for all currents and is shown in 
Figure 13. The recovery of dielectric 
strength is adequate for an initial arc ex- 
tinction and if the current has been 
sufficiently low, J; or Jz, the are will not 
restrike. With a larger current J; the re- 
covery voltage equals the dielectric 
strength and the arc restrikes. 

With system voltage close to crest at 
this time and the recovery voltage on the 
circuit breaker about 2 times normal, or 
2.5 times normal voltage for 3-phase 
conditions, an undamped restrike would 
produce 8 or 3.5 times normal phase-to- 
ground voltage. (The tests on 3-phase 
ungrounded circuits, did not exceed 2.5 
times normal because of inherent modify- 
ing influences.) For still larger currents 
I, and J;, restrikes also occur but below 
peak voltage and the magnitude of the 
overvoltage decreases as shown quali- 
tatively in Figure 14, This type of opera- 
tion produces the highest voltages when 
the circuit breaker is operating close to 
the restrike-free range. This is in agree- 
ment with the test data providing one 
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other type of occasional restrike is recog- 
nized and excepted. 

In series of tests which were other- 
wise restrike-free, occasional restrikes 
have occurred after a current pause of 
generally less than 1/4 cycle and after 
an arc extinction definitely earlier than 
those on the restrike-free operations. 
For these tests the current zero and arc 
extinction occurred practically simul- 
taneously with contact parting. In one 
instance, the other tests in the series did 
not have any arc extinction occurring at a 
current zero which came within the first 
half-cycle. The oscillograph showed that 
the contacts separated at current zero and 
perhaps oil filled the gap to sustain low 
voltages. However, the moving contact 
had some overlap with the stationary con- 
tact and the gap increased rather slowly 
with respect to contact movement for the 
first quarter inch. The arc restruck after 
about 1/8 inch of contact travel or 1/12 
cycle of current pause. A ripple occurred 
in both the current and voltage, but both 
were entirely negligible. Such restrikes, 
occurring with otherwise restrike-free 
operation, do not produce high over- 
voltages, 


The Irregular Variation of Restriking 
and Overvoltages with Capacitor 
Size was Caused by Arc Extinction 
Time Varying Over Several 
Current Zeros 


The variation of performance with size 
of bank is of direct interest when capaci- 
tors are to be added to an existing in- 
stallation or for selecting an initial in- 
stallation. As was mentioned earlier, 
irregular and unexplained performance, 
Figure 7, was obtained on early tests 
when the size of the 14.4-kv capacitor 
bank was varied, all other conditions re- 
maining the same. The tests which fol- 
lowed and the relations discussed in this 
paper explain this performance. 

The arcing time increased in propor- 
tion to the size of the capacitor bank and 
the corresponding voltage drop in the 


source impedance. The discussion of the 
relation of the initial peak of the transient 
recovery voltage to the arc extinction 
time and the size of capacitor being 
switched is in agreement with this. 

If it is assumed, that the contacts al- 
ways part at a particular point on the 
current wave, the first current zero in the 
arcs will always occur at time ¢ and sub- 
sequent current zeros at intervals of 1/2 
cycle for single-phase systems, or 1/6 
cycle for 3-phase systems. Are extinc- 
tion time will lengthen in finite and equal 
steps with increase in capacitor size, be- 
cause the are can be extinguished only at 
or near a current zero. 

At each current zero, the magnitude of 
the restrike generated overvoltage as a 
function of the capacitor size can be rep- 
resented by a curve of the general nature 
of Figure 14. 

If the curves for the overvoltages, pro- 
duced after each current zero, are super- 
imposed as shown in Figure 15, the 
performance over the whole range can 
be seen. As indicated at the top, it is as- 
sumed that ares corresponding to capaci- 
tor sizes in the lowest 1/5 of the range 
shown are extinguished at the first cur- 
rent zero, that arcs for the next 1/5 are 
extinguished at the second current zero 
and so on. Overvoltages following the 
first current zero do not occur on the 
smallest sizes of capacitors as the recovery 
of dielectric strength prevents restriking. 
At a critical value, restriking starts and 
the overvoltages are a maximum. Fur- 
ther increase in size results in lower over- 
voltages until the size of capacitor is 
reached which does not extinguish at the 
first current zero. As shown by the curve, 
the recovery of dielectric strength is not 
rapid enough to withstand the recovery 
voltage and restriking always occurs after 
an are extinction at this current zero but 
the peak voltage is slightly less than the 
maximum overvoltage. 

The smaller of the currents which are 
not extinguished until the third current 
zero may stay extinguished but the larger 
ones are in the restriking range. Cur- 


rents not extinguished until the fourth’ or 
fifth current zero will be restrike-free. 
This is the kind of performance shown in 
Figure 7 for a contact speed of 3.7 feet 
per second. The rate of dielectric re- 
covery was low and the conditions par- 
alleled those assumed for Figure 15. 


Conclusion 

Capacitor switching performance of a 
circuit breaker depends on the system 
supplying the power as well as on the size 
of the capacitor bank. 

Restrike-free operation may be ob- 
tained at all system locations from circuit 
breakers which develop dielectric strength 
between contacts, at any initial contact 
spacing, faster than the system can apply 
voltage across its contacts. 

Restrike-free operation also can be ob- 
tained from other circuit breakers used at 
locations where the initial part of the re- 
covery voltage prevents the extinction of 
the arc until the contact spacing is large 
enough for the circuit breaker to develop 
dielectric strength faster than the system 
can apply voltage across its contacts. 

A circuit breaker switching a capacitor 
bank with no parallel bank, operates re- 
strike-free if the short-circuit capacity of 
the power source is below a critical value 
which is a function of capacitor size. 

Parallel banks connected to the system 
increase the tendency to restrike and pro- 
duce large momentary currents on closing 
and restriking, but reduce the magnitude 
of the overvoltages. 
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Discussion 


N. R. Schultz (General Electric Company, 
Schenectady, N. Y.): The authors of this 
paper have made an important contribution 
toward a better understanding of the 
capacitor switching problem. Their con- 
clusion that the performance of a circuit 
breaker on capacitor switching depends on 
the characteristics of the power supply sys- 
tem as well as on the size of the capacitor 
bank switched is of particular interest. 
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The writer would like to call attention to 
Figure 12 of the paper, which illustrates an 
approximate limit curve for a particular cir- 
cuit breaker. This curve is plotted with 
size of capacitor bank as the abscissa and 
short-circuit capacity of the supply system 
as the ordinate. The area above the limit 
curve is the zone in which restriking occurs, 
and the area below the curve is a restrike- 
free zone. 

It is possible to plot on the same set of 
co-ordinates curves showing the voltage 
change caused by switching a given capaci- 
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tor bank on a given system. These curves 
can be plotted from the relationship: 


Per cent voltage change 
100 X capacitor kilovolt amperes 


- System short-circuit kiloyolt amperes 


In Figure 1 of the discussion the writer 
has replotted Figure 12 of the paper and 
curves for capacitor banks which would 
cause voltage changes of 1, 2, 5, and 10 per 
cent when switched. In most practical — 
capacitor applications, the voltage change 
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Figure 1 


due to switching a bank is limited to the 
order of 2 or 3 percent. It would, therefore, 
appear that most of the switched capacitor 
applications will fallin anarea well above the 
limit curve, and consequently restriking of 
the circuit breaker could be anticipated. 


E. B. Rietz and C. J. Balentine (General 
Electric Company, Philadelphia, Pa.): I 
think the electrical industry should be very 
appreciative of the investigation which is 
reported in this paper. Although the prob- 
lems associated with the switching of ca- 
pacitor banks and the de-energizing of long 
transmission lines have been known for a 
number of years, it is quite true that they 
have not been common knowledge. This 
paper makes some of this background avail- 
able for general use, and I am quite sure will 
be welcome information to the users as they 
consider an increased use of capacitor banks 
for power factor correction and increased 
use of high-voltage cables and longer trans- 
mission lines. 


The Generali (Electric Company also has 
been working along similar lines. Our in- 
vestigations cover many tests on capacitor 
switching phenomena on all the types of 
circuit breakers referred to in the paper. At 
the present time, we have a pretty complete 
knowledge of the capacitor switching ability 
of all types of outdoor oil circuit breakers, 
of indoor magnetic-type circuit breakers, 
and of indoor compressed air circuit 
breakers. A rough check indicates that the 
tests made to obtain this information would 
total almost 2,500, even more than enumer- 
ated by the authors. 

Restrike-free operation, as stated, can be 
obtained by building up the dielectric 
strength between the contacts faster than 
the system can apply voltage across the con- 
tacts. 


» This is not easy to do with a circuit 
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breaker having interrupters which use the 
current in the are to build up pressure to 
move oil into the are stream. Other types 
of circuit breakers, however, which make 
available at the moment of contact parting 
an insulating medium of high dielectric 


AE=10% 


APPROXIMATE 
LIMIT CURVE 


strength, can be expected to give this re- 
strike-free operation. Examples of this are 
the low-oil-content impulse circuit breaker 
and compressed-air circuit breakers. 

While the ideal situation undoubtedly is 
to utilize restrike-free circuit breakers, the 
essential criterion is whether the overvolt- 
ages developed during capacitor switching 
become dangerous to associated equipment. 
Therefore, there are other means of reaching 
this objective, such as resistors shunted 
across the interrupter breaks or auxiliary 
oil pistons; both of these, in effect, limit the 
voltage generated to a relatively safe value. 
In the case of resistors, the criterion has 
been established as twice normal. It would 
appear from published literature that a 
value of 2.5 is used with auxiliary oil pistons. 


F, M. Porter and C. P. Zimmerman (Ameri- 
can Gas And Electric Service Corporation, 
New York, N. Y.): It is gratifying to note 
that extensive tests are being made by 
manufacturers of switching equipment to 
determine the maximum amount of reactive 
kilovolt-amperes that can be switched safely 
and satisfactorily by various types of circuit 
breakers. Data derived from such tests will 
alleviate the apprehensions that many of us 
have had when considering the installation 
and switching of capacitor banks at substa- 
tions. 

It appears that the determination of 
the maximum size of capacitor banks that 
can be switched is based on the number of 
restrikes and the limitation of the maximum 
overvoltages that may be encountered dur- 
ing switching operations. It is believed 
that such a basis for determination is incom- 
plete and may be misleading co prospective 
users of capacitors. 

Tests and studies that have been made 
generally conclude that air-blast or mag- 
netic-type blast circuit breakers, because of 
their faster opening speed, can do a better 
job of switching capacitors both in limiting 
the frequency and magnitude of restrike 
voltages and, on this basis, relatively larger 
banks can be switched with such circuit 
breakers than by standard oil circuit 
breakers. However, such circuit breakers 
cost somewhat more than oil circuit 
breakers, making it desirable on the part of 
those concerned with selecting circuit 
breakers for capacitor applications to take 
into account the relative merits of the two 
types from the standpoint of maintenance. 
With air-blast circuit breakers or magnetic- 
type blast ci:cuit breakers, there is no 
problem of frequent check and replacement 
of the oil due to decontamination caused by 
repetitive switching, as is encountered with 
oil circuit breakers for multistep banks. 
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Since the contact structures of air-blast and 
oil circuit breakers are quite different, and 
as a matter of fact they are different also in 
various types of oil circuit breakers, the 
number of operations of a circuit breaker 
before inspection or maintenance is required, 
is variable. It would, therefore, be desirable 
that the figures for maximum reactive 
kilovolt-amperes that can be switched with- 
out getting into overvoltage difficulties be 
tempered or supplemented with data show- 
ing the number of operations that each par- 
ticular circuit breaker can be expected to 
experience in switching various sizes of 
capacitor banks without requiring inspec- 
tion or maintenance of the contacts and oil. 
It has been our experience that some types 
of circuit breakers recommended by manu- 
facturers for switching capacitors at 15 kv 
and below do not stand up as well as others, 
and therefore repetitive tests in the various 
types of circuit breakers should be under- 
taken by the several manufacturers. Also, 
tests should: be made in switching of high- 
voltage banks and these data made available 
for the benefit of those interested in such 
installations. 

Collection of data by utilities having 
capacitor banks of all voltage ratings also 
will help in determining which circuit 
breakers are more suitable for these applica- 
tions, 


R. C. Van Sickle: Mr. Schultz brought out 
a good point in calling attention to the sys- 
tem voltage change caused by capacitor 
switching in the restrike-free region of Fig- 
ure 12 of the paper. It emphasizes the need 
for considering the impedance of the source 
when evaluating the significance of test data 
indicating restrike-free performance of cir- 
cuit breakers. When I first noticed this rela- 
tion, I used it to check such data in a paper 
already published! and found that the volt- 
age change produced by switching was from 
7.8 to 45.5 per cent, values well above the 2 
or 3 per cent suggested as practical Amits by 
Mr. Schultz. 

Messrs. Rietz and Balentine included a 
remark that the sizes of resistors were 
chosen to limit overvoltages to 2.0 times and 
that published literature indicated an over- 
voltage limit of 2.5 with oil pistons. I 
would like to call your attention to the state- 
ment in the paper that during the tests on 
the oil circuit breakers no voltages in excess 
of 2.5 times normal were reached. Some of 
these tests were made with plain-break oil 
circuit breakers. Auxiliary oil pistons with 
adequate driving force to produce the extinc- 
tion of charging currents not only reduce the 
magnitude but also the frequency of occur- 
rence of overvoltages. Our tests, as reported 
in the paper, showed that conditions which 
had produced restrikes on about 60 per cent 
of the tests without resistors produced re- 
strikes on all tests when resistors were 
added. A small reduction in overvoltage 
can be offset by the frequency with which 
overvoltages are produced. 
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~ Thermal Expansion Effects in 
Power Cables 


C. S$. SCHIFREEN 
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ESIGN of underground plant to per- 
D mit operation of paper and lead 
cables at maximum loadings consistent 
with reasonable life requires an intimate 
conductor 


knowledge of temperature, 


magnitude of cable movement during 
load cycles, and the effect of such move 
ment on life of the cable-sheathing. While 
much work has been done to develop a 
quantitative evaluation of many of these 
® little information 


published to make available a practical 


factors! has been 
method of estimating the amount of cable 
movement to be provided for, and of 
evaluating the effects of cable construc- 
tion upon cable movement and related 
sheath strains. 

Data developed from laboratory in- 
vestigations of the thermal expansion 
characteristics of duct-type 69-kv and 
15-kv paper and lead cables are presented 
in this paper. These data permit com- 
putation of cable movement at duct 
mouths in manholes for various cable con- 
structions, and offer a basis for practical 
comparative evaluation of such construc- 
tions. 


Thermal Expansion Tests 


Heat runs were conducted in the 
laboratory on 100-foot samples of the 
various cable constructions described in 
Table I. One end of each sample was 
successively unrestrained to allow ‘‘free”’ 
expansion; partially restrained to allow 
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cable movement with increasing con- 
ductor temperature only after a predeter- 
mined value of compressive force was de- 
veloped and then held constant; and 
totally restrained by applying the mini- 
mum forces required to prevent cable 
movement at the duct mouth with in- 
creasing temperatures. The other end of 
each 100-foot sample was permanently 
fixed so that the expansion measured at 
the moveable end was indicative of the 
amount of cable movement to be ex- 
pected at either end of a flat and straight 
200-foot stretch of cable for similar re- 
straint at both duct mouths. 

The duets were installed with the aid of 
a transit to assure horizontal linearity. 
Split ducts were used to allow drawing a 
device along the duct structure on angle- 
iron rails to record the horizontal and 
vertical components of cable snaking. 
The top halves of the ducts were tied in 
place from time to time at the few points 
where needed to confine all cable snaking 
within the limits of the duct space. 


Test Results 


LONGITUDINAL THERMAL EXPANSION 


The test results disclosed a rational in- 
fluence of cable construction upon thermal 
expansion. Figure | shows a significant 
parallelism to the free thermal expansion 
rate of bar copper for the zero-, 750- 
pound and 1,500-pound restraint curves 
of a large single-conductor 69-kv cable 
(Sample 1), This linearity existed for 
conductor temperature rises in excess of 
that at which the entire cable developed 
the compressive reaction required to 
overcome the restraining force of friction 
and the force applied at the end of the 
sample, 

Cable similar to Sample 1 also was 
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tested in square terra cotta duct having 
41/,-inch inside dimension and gave about 
90 per cent of the movement observed in 
4'/,inch round bore terra cotta duct. 
Similar heat runs on 69-ky single-con- 
ductor reinforced double-sheath high- 
pressure gas-filled cable (Sample 2) gave 
little less than those shown for Sample 1 
construction, and were the same for tests 
in square and round bore ducts. Ap- 
parently, square duct has no merit as an 
expedient to minimize cable movement. 
All subsequent comparisons of the various 
cable constructions were therefore based 
upon tests on cable installed in the round 
ducts. 

Three-conductor and triplex  single- 
conductor cables are more compressible 
than large single-conductor cables, and 
consequently produce less cable move- 
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Figure 1. Longitudinal thermal expansion of 
69-kv single-conductor oil-filled cable, sample 
1 


Dots, crosses, and open circles show rises 
(measured by change of resistance of test wire 
in conductor core) for zero, 750- and 1,500- 
pound restraint, respectively. Left and right 
ends of*horizontal lines are temperatures 
measured by thermocouple in conductor core 
and by change of resistance of cable conduc- 

tor, respectively 
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Figure 2. Longitudinal thermal expansion of 
15-kv 3-conductor 350,000 circular mil cables 


Sample 3 (belted, 60-inch lay); sample 4 
(metal shielding tapes, 45-inch lay); samples 5 
and 6 (carbon-black shielding tapes, 60-inch 
lay). Temperatures indicated as taken by 
thermocouples on conductors 


ment at the duct mouths. While the 15- 
ky 38-conductor cables at zero restraint are 
seen in Figure 2 to tend to parallel free 
bar-copper expansion, they give much 
lower rates of expansion under partial 
restraint. The triplex 350,000 circular- 
mil Samples 9 and 10, however, are seen 
in Figure 3 to have less expansion at 200- 
pound restraint than the 3-conductor 
samples are seen in Figure 2 to have at 
750-pound restraint. In fact, the triplex 
cable partial restraint tests had to be re- 
scheduled to 200 pounds because these 
cables were found to be totally restrained 
at values below 750 pounds. In contrast 
with this performance, the parallel lay 
Sample 7 (three straight single-conductor 
cables installed in the same duct) ex- 
panded at nearly the free copper rate for 
rises above 10 degrees, both at zero and 
200 pounds restraint. It was interesting 
‘to observe that the weights of the triplex 
Samples 9 and 10 were sufficient to cause 
perceptible bird-caging of the cable ad- 
jacent to their fixed ends, even during 
the zero-restraint tests. 


Forces REQUIRED FOR TOTAL RESTRAINT 


Figure 4 shows considerable variations 
of forces required to restrain totally the 
various cable constructions tested. The 
15-ky triplex 350,000 circular-mil cable 
Samples 9 and 10 required only about 200 
pounds restraint to prevent movement at 

~20 degrees rise, while the 69-kv Sample 1 
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Figure 3. Longitudinal thermal expansion 
for 15-kv single-conductor cables 


Sample 7 (parallel 500,000 circular-mils); 

Sample 8 (triplex 500,000 circular-mils, 48- 

inch lay); Sample 9 (triplex 350,000 circular- 

mils, 62.5-inch lay); Sample 10 (triplex 350,- 

000 circular-mils, 37-inch lay). Temperatures 

indicated as taken by thermocouples on con- 
ductors of cables 


required about 3,300 pounds restraint at 
this rise, considerable snaking occurring 
at the higher conductor-temperature 
rises on this sample. 

The forces required for total restraint 
on the various cables increased almost 
linearly up to about 15 degrees rise, in- 
dicating uniform compressibility within 
this range. At higher rises considerable 
snaking occurred, as seen, for example, in 
Figure 5(B). Considerable fluctuations 
in restraining forces were experienced 
once snaking existed with values of forces 
in excess of about 1,000 pounds on 15-kv 
3-conductor cables and about 3,000 
pounds on the 69-kv cables. These 
values are considerably in excess of those 
normally encountered in service so that 
cable snaking is not to be anticipated 
where such stiff cables are installed in 
straight conduit banks. 

It was interesting nevertheless to ob- 
serve from Figure 5(A) that snaking could 
be predicted to occur at locations where 
the cable column remained bent from a 
previous heat run. In contrast with such 
snaking, the short lay triplex sample to 
the left in Figure 5(D) bird-caged uni- 
formly along its length during the totally 
restrained heat run. The longer lay 
sample in the duct to the right opened its 
convolutions in a rather haphazard man- 
ner. Figure 6 shows severe snaking 
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Figure 4, Force required for total restraint 


Sample 1 (69-kv single-conductor low-pres- 

sure oil-filled cable); Sample 2 (69-kyv single- 

conductor high-pressure gas-filled cable). 

Other samples are described as given for 

Figures 2 and 3. The broken lines show cal- 

culated force required to restrain totally a 
copper bar 


under total restraint on the parallel lay 
single-conductor 500,000 — circular-mil 
cables (Sample 7 in the right duct posi- 
tion). This isin marked contrast with the 
uniform bird-caging of the triplex 500,000 
circular-mil cables (Sample 8 in left 
position in Figure 6). 


COPFFICIENT OF FRICTION 


Computation of cable movement for 
service conditions and the evaluation of 
the various test data required appro- 
priate regard for the frictional forces im- 
posed on the cable in restraint of cable 
movement by friction between the cable 
and the duct wall. 

Table II shows the values of coefficient 
of friction determined for the various 
samples which had been lubricated with 
the same type of grease normally used in 
field installations. The lubricating com- 
pound used on Samples 3, 4, 7, 8, 9, and 10 
was taken from a delivery in which a 
compound with increased tackiness was 
inadvertently supplied and whose use 
has been discontinued. 


Analysis of Cable Movement 


Rationalization of the test data re- 
sulted in the accomplishment of two ob- 
jectives: (1) the evaluation of an “‘ap- 
parent modulus of compressibility” for 
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Table |. Description of Cable Samples 


“ 


// 
Conductor Voltage Outside Weight Ins. Sheath 
Sample Size, Rating, Diameter, Pounds, Wall, Wall, : 
Number§ Mfr Mcm Kv Inches Per Foot Mils Mils Stranding Comments 
Ln Stardtphon Kor reveraye USOT DOO manor CO ric ier Pe Pie: Garainst 1085.12 e OLO: he outers TQS: Locate Std. strand rd. ..Low-pressure oil-filled cable, 0.5” hol- 
low core 
Drie g aes Madateny TP SOTE BOO hi cin = BOM. aes ante PARR aE er Br ruc PONG ee BED the wae LOS For cca0s Comp, quad.-seg.....Self-contained higu-pressure gas-filled 
2.387 130+ cablet 
Stim eee Wits hy RO ODO eg wre: scacert LOR aia aes Di LOLe wheat r Oe. Sere Ba o> CRA ea 12 Freie Comp. strd. sect..... Belted cable; 60” lay 
Be ease Witgiaes E4051 0)) ee eae aie Wahet onan bea os 288i eee 9.25 Mghae satre he T20 Mine 2 Std. strand sect.....Metal shielding tapes; 3 paper bind- 
ers; 45” lay ad 
Oientemer ZR OO OU mde shh Grete US earsverite D2 2Ol | eiemerees 9:0 Cae Wik sbens IPAUP Re ha Std. strand sect.....Carbon black shielding tapes; 3 carbon 
black paper binders; 60” lay; ordi- 
nary lead sheath 
Reis care: (oilteccne SOC COU Lm aie nr. 15 J2ZS2B 8 oak, Tos DAO eranter Lom deere ZO ees Std. strand sect.....Carbon black shielding tapes; 3 carbon 
black paper binders; 60” lay; F3 
alloy lead sheath 
Chen ba Marat 8-1 500....... U5 J cae stars LAO eet PSO eer lris 203) en: Uy rere Comp. strand rd.....Three parallel cables (not twisted) In- 
stalled in one duct 
tater VER vena? SH1iX 500) nein Tbe tine L COO Mare rere 13.3 day Beaty, 5 ae Ayre Comp. strand rd.....Triplex cable—48” lay 
Cuero chor, X we dl 860, 15 1, 254%, . Eo Tere Mises, WORE Odie area Std. strand rd. ... Triplex cable—62.5” lay 
COUN. Sore SH eat 3-1 X350........ Ly ayia Wer) © 1,25**, sO! teary L7D is sores Bie OSs Std. strand rd. .. Triplex cable—37” lay 


§Samples were tested in round 41/s-inch terra-cotta duct. 


*Outer lead sheath. 

{Inner lead sheath. 

*#Outside diameter of only one leg. 
{Reinforcement over inner lead sheath comprised: 


a bedding of two 18-mil cotton fabric tapes (intercalated, half-lap) ; 


six 8-mil brass tapes (2-inches wide, two 


wrapped reversed lay to first four); two 18-mil cotton fabric tapes (intercalated, half-lap) as bedding for outer lead sheath. 


each cable construction (shown in Figures 
7 and 8) for use in the computation of the 
maximum cable movement to be ex- 
pected in service at the duct mouth; 
and (2) the determination of a basis for 
rating the various cable constructions 
(shown in Figure 9) to reflect their merit 
as an expedient to reduce cable-move- 
ment at the duct mouth. 

Review of the test results indicated 
the possibility of pursuing several modes 
of analysis in order to determine the com- 


rey 
“a 
Table Il. Coefficient of Friction—Terra-Cott 
Ducts 
Averaget} Average} 

Sample Starting Moving Over-All 
No.* Friction Friction Average 
De eeuancisl vate OBB! Skeets OS 25:Ae ene 0.32 
Dy Fists sinew, ORS L Owe talks O20 eer cenere 0.29 
pti oc $oueoren ees ORD tmunsten as OL Bit Saw eeiiaat 0.57 

ORAL ere: 045 eee 0.43 
CE ROC ORCL G OF BG iranian O)56) Screen 0.56 
Ola ae nee OjaStieies oe 0.464 
ite remap is LUBY 7-5 oie Cee 5 O20 cnivsacete 0.26 
Cie trina DZ3' Ane eme 0.22 . . 0.23 
Mens Ate erat’ Ora See as ae OMA SR aster ctie 0.45 
Ong0t en nae OfA0 eee 0.40t 
Sia ten lent Qe aerenpere WEY Gilt \aeociac 0.39 
OrsOpe ere. ORSSitiee een 0.394 
Oa apere tee ON ASh pitas ON Oe sytessssorere 0.47 
NOE ratte sere 0348) Bacar ACY (ee senereate ce 0.53 
LSI caw ORS Oinaseneran QRZ Wan ncaa 0.30 
ee eines s Oi 2Bi waren OF LG vito re os 0.20 


*All samples tested in round 4!/;-inch bore terra- 


cotta duct, except 1S and 2S which were tested in 
square 4!/,-inch terra cotta duct. 


}Based on measurements taken to start movement 
both in tension and in compression; and for a 
movement in both cases of one inch at the remote 
end of the sample. 


**Samples 1S and 2S were same construction as 
Samples 1 and 2 respectively. 


}These measurements taken at sheath temperatures 
ranging 53 to 56 degrees centigrade; all others at 18 
to 22 degrees centigrade. 
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bined effects of conductor stranding, lay 
of insulated conductors, tightness of 
binders and of belt insulation, sheath 
tightness, triplexing, and other variables 
in cable construction together with the 
factors which introduce snaking, as in- 
fluences tending to govern cable move- 
ment with conductor temperature rise 
over a wide range of restraining forces. 
Rather than adopt a ponderous empirical 
evaluation determinable graphically from 
the plotted data, the author developed 
cable parameters to correlate with the 
fundamental analysis followed in Mr. 
Bodicky’s discussion of the author’s 
earlier paper, reference 8. This mode of 


evaluation has the advantage of lumping 
all the cable-movement influences in one 
factor, referred to in that discussion as 
“compressibility”’, c. The author, how- 
ever, prefers to evaluate these design 
features together with the phenomena of 
bird-caging and snaking in a factor to be 
referred to as the “‘apparent modulus of 
compressibility”, C, in inches per inch per 
pound per circular mil, which is equal to 
the product of compressibility (¢ in mi- 
cro-inch per inch per pound of restraint) 
and area (A in circular mils) of the total 
copper in the core of the cable times ten 
to the minus sixth power. 

The maximum amount of cable move- 


Figure 5. 


Snaking and bird-caging under total restraint 


69-kv single-conductor oil-filled cables (Sample 1 in round duct at right and similar cable in 


square center duct) snake considerably in ‘“B”’ 


at 3,400 pounds total restraint and 40 degree 


centigrade rise at locations evident in ‘“‘A’’ (zero restraint and initial ambient temperature) 
15-kv triplex single-conductor 350,000 circular-mil Sample 10 (left in “‘D’’) bird-cages uni- 

formly along the duct at 390 pounds total restraint and 76 degree centigrade rise; but similar 

Sample 9 (except longer lay; right in ‘'D'’) bird-cages nonuniformly along the duct at 360 


pounds total restraint and 72 degree centigrade rise. 
temperature and zero restraint at the duct mouth 
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“C’’ shows these cables at ambient 


f 
5} 
AIEE TRANSACTIONS 
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ment (JM in inches) to be anticipated at 
the duct mouths of a flat, straight stretch 
of cable may be computed from the ap- 
propriate use of the following two equa- 
tions: 


M=L(et—c(k+wfL/2)) (10-8) (1) 
M =(et—kc)?/2wfc (10-*) (2) 


where L is one-half of the manhole-to- 
manhole distance in inches; e, the thermal 
coefficient of expansion for copper (16.8 
micro-inch per inch of length per degree 
centigrade rise in conductor temperature) ; 
t, the conductor temperature rise; c, the 
compressibility of the cable in micro-inch 
per inch per pound of restraining force 
acting upon the cable; k, the restraining 
force in pounds acting at the end of the 
cable; w, the weight of the cable in 
pounds per inch of length; f, the co- 
efficient of friction. 

Equations 1 and 2 are applicable during 
different periods of the heating cycle, de- 
pending upon two critical values of tem- 
perature rise for each cable construction. 
One is the threshold temperature rise 
(t9) at which cable movement first occurs. 
This temperature rise is determined by 
the equation: 


ty=kc/e (3) 


The values of compressibility, c, were 
computed from equation 3 using various 
restraining forces at the end of the cable 
sample, k, and their respective threshold 
rises, (f9) as taken for the various cable 
constructions from the curves shown in 
Figure 4. The corresponding values of 
“apparent modulus of compressibility”, 
C,, were then calculated and plotted as the 
cross points in Figures 7 and 8. Except 
for the large single-conductor 69-kv 
cables, the values of c and C, so com- 
puted were found to vary considerably for 
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the range of temperature rises at which 
the cables were tested at total restraint. 

The second critical temperature is the 
minimum rise (f,;) at which every incre- 
ment of cable length contributes to the 
longitudinal cable-movement at the duct- 
mouth, and is determined by equation: 


t= (k+wfL)c/e (4) 


Equation 1 should be used in connec- 
tion with cable-movement for tempera- 
ture rises greater than the critical value, 
t;; while equation 2 should be used for 
rises intermediate between fy and f;. 

The conventional derivation of the 
equations 1 to 4 refers to compressibility, 
c, as a constant parameter of cable con- 
struction. Evaluation of ¢ and the cor- 
responding determination of C, were 
made using in these equations the re- 
spective values of movement, M/, tem- 
perature rise, ¢, and restraining force, k, 
available from the curves in Figures 1, 2, 
and 3 for the various cable constructions. 

These values of C, also were found to 
vary considerably with temperature rises 
and restraining forces at the end of the 
100-foot test samples. However, when 
plotted, as in Figure 7, each cable con- 
struction was found to possess a rationally 
correlated family of parameters for the 
various conductor temperature rises. 
Each temperature rise curve terminated 
at the value of total restraint beyond 
which the curves have no quantitative 
significance since no movement occurs be- 
yond that point. 

It is significant to observe in Figure 7 
that the family of curves for the triplex 
15-kv 350,000 circular-mil cable (Sample 
9) turns upward with increasing restrain- 
ing forces. It also has increasing com- 
pressibility with increasing conductor 
temperature rises. This is obviously the 
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15-kv single-conductor 500,000 circular-mil cables. 
parallel) and Sample 8 (left, triplex, 48-inch lay), are shown in “A” for 
zero restraint and ambient temperature; in 
restraint and 45 degree centigrade rise on Sample 8, and 1,845 pounds 
total restraint and 43 degree centigrade rise on Sample 7; in 
675 pounds total restraint and 72 degree centigrade rise on Sample 8, 
and 1,557 pounds total restraint at 71 degree centigrade rise on Sample 
7; and in ““‘D” on following morning at ambient temperature and zero 
restraint before pulling cables back to their initial position comparable to 
overall length and position of cable in “A.” 
mitted to cool over night without restraint so that the cable at the duct 
mouth contracted into the duct 


Figure 6. Bird-caging versus snaking under total restraint 


Sample 7 (right, 
“B" for 530 pounds total 


Cee tor 


The cables were per- 


salutary influence of the ability of a tri- 
plex cable to bird-cage readily. 

The 15-kv belted 350,000 circular-mil 
cable (Sample 3) performs somewhat 
differently. While the compressibility is 
found toancrease with temperature rise, 
it diminishes as the cable at first goes into 
compression with increasing restraining 
forces and subsequently increases as the 
force approaches total restraint. The 
associated reduction in cable expansion 
near total restraint is apparently due to 
cable snaking, rather than an inherent 
increase in cable compressibility. 

The 69-kv 1,500,000 circular-mil single- 
conductor cable (Sample 1) has only one 
curve in Figure 7 for all temperature 
rises. This follows from the fact that the 
movement curves in Figure 1 for zero-, 
750-pound and 1,500-pound restraint 
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Figure 7. Apparent modulus of compressi- 
bility 
Temperature rise curves for 15-kv triplex 
350,000 circular-mil Sample 9 (broken line); 
15-kv 3-conductor 350,000 circular-mil belted 
Sample 3 (light solid line); and 69-ky single- 
conductor 1,500,000 circular-mil Sample 1 
(heavy solid line) 
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Figure 8. 


90-degree conductor temperature rise curves 
for all cable constructions listed in Table | 


parallel the slope for ‘‘free” bar copper 
(determined by the value of e). The 
linear portions of these plots are accord- 
ingly good point-by-point matches for the 
linear equation 1 by merely determining 
appropriate values of compressibility 
¢, to produce adequate translation of the 
curves to the proper positions for the re- 
straining forces, k, 
tests. 

Figure 8 shows the 20-degree rise 
curves for the three samples (1, 3, and 9) 
shown in Figure 7 together with the 20- 
degree similar curves for the other cable 
samples tested. The triplex cable 


applied during the 


Samples 8, 9, and 10 considerably differ 
from the other cable constructions be- 
cause of their capability to bird-cage. 
The 69-kv 1,500,000 circular-mil single- 
conductor Samples 1 and 2 are least com- 
pressible, while the 3-conductor cable 
Samples 3, 4, 5, and 6 show little difference 
in performance with respect to each other. 
The 15-kv 500,000 circular-mil paral- 
lelled = single-conductor — construction 
showed a slight increase in compressi- 
bility which reflected cable-snaking. 


Relative Stiffness of Cable 
Construction 


Figure 9 illustrates a comparison of the 
various cable constructions as related to 
the stiffness of a rigid copper bar. The 
modulus of elasticity of soft-drawn copper 
(12,000,000 pounds per square inch) was 
chosen as the unit reference of stiffness. 
By inverting comparable values of “‘ap- 
parent modulus of compressibility” from 
Figure 8 into equivalent modulus of elas- 
ticity in compression (H,=1/C,) with ap- 
propriate conversion of units, “relative 
stiffness’’ was readily determined at 
several values of restraining force selected 
to give similar stresses in the copper- 
conductors of the various cables with 
proper regard to conductor size. Com- 
parisons were made at copper conductor 
stresses of 0.2-, 0.5-, and 1.0-pound per 
thousand circular mil of total conductor 
area, corresponding approximately to the 
range of restraining forces encountered 
by sections of cable in a long manhole-to- 


manhole stretch, whose positions in the - 


duct vary from that adjacent to the duct 
mouth to that near the center of the 
stretch. 


TEMPERATURE RISE 
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RELATIVE STIFFNESS AT 20C CONDUCTOR 


The particular merit of the triplex con- 
struction is clearly demonstrated,’ in 
Figure 9 where the “‘relative stiffness’’ of 
the 15-kv triplex 350,000 circular-mil 
Samples 9 and 10 at 20 degrees rise and 
0.2-pound per thousand circular-mil re- 
straint is seen to be only one-third of that 
of the 15-kv 3-conductor constructions of 
the same conductor size. The outstand- 
ing advantage of the triplex construction, 
however, lies in the fact (shown for the’15- 
kv triplex Samples 8, 9, and 10 in Figure 
9) that they are fully restrained at con- 
ductor stresses well below the higher 
values listed at which the other cable 
constructions (except Samples 3 and 4) 
have appreciable movement. Conse- 
quently, long lengths of triplex cable have 
no more cable movement than the short 
lengths. This can be observed in Table 
III which shows the same movement for 
800 feet as for 200 feet. Triplex Sample 
10 has only about 1/5 to 1/12 of the 
movements computed for the 3-conductor 
cables of the same conductor size at 20- 
degree centigrade rise. 

Similarly, “‘relative stiffnesses” for the 
69-kv Sample 1 range from 0.48 to 0.66; 
while in Table III, the cable-movements, 
likewise at 20-degree rise, are 0.35- and 
l.ll-inch for 200-foot and 800-foot 
stretches respectively—88 and 68 per 
cent respectively of the theoretical ex- 
pansion of a free, rigid copper bar. The 
relative stiffness ratios are not exactly 
commensurate with these percentages be- 
cause of the inherent differences between 
equations 3 and 1. These percentages are 
of the same order as the ratio between the 
3,300-pound force indicated in Figure 4 
for total restraint at 20-degree rise on 
Sample 1, and the 4,000-pound restraint 
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Figure 10. Restraining force at duct-mouth caused by cable training in 


Figure 9. Relative stiffness of various cable constructions 


Determined for a 20-degree rise in conductor temperature and for re- 
straints of 0.2, 0.5, and 1.0 pound per thousand circular-mil of total 
copper conductor in cable core on a 100-foot section 
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manhole 


The restraining force at the duct-mouth increases as the cable in the offset 
is flexed to accommodate the additional cable in the manhole as cable 
movement increases at the duct-mouth during the heating cycle ( 
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69-ky single-conductor 1,500,000 circular mil oil-filled cable (Sample 1) 


Maximum movement at duct mouth—straight flat 


Figure 12. Maximum movement at duct mouth—straight flat conduit 


maximum movement at each duct mouth of various conduit lengths of 


straight flat duct bank. 
movement. 


The solid lines show computed values of cable 
The broken line shows the theoretical expansion at 40 


degree centigrade rise of an unrestrained copper bar 


required to maintain unchanged the 
length of a rigid copper bar at a rise of 20 
degrees on the basis of a modulus of 
elasticity of 12,000,000 pounds per square 
inch. 


Computation of Maximum Cable 
Movement 


All necessary tools now are available to 
compute the maximum range of cable 
movements for various cable lengths and 
conductor temperature rises. The solu- 
tion of equations 1 and 2 for the calcula- 
tion of movement, and of equations 3 and 
4 for the determination of the threshold 
rise, fo, and the critical rise, 4, require 
only the information available in the 
family of curves for the particular cable 
construction involved, such as shown for 
Samples 1, 3, and 9 in Figure 7. 

It is expedient to make cable movement 
calculations by dividing the manhole-to- 
manhole length into 100-foot sections, and 
determining the movement at each duct 
mouth of a flat, straight stretch by com- 
puting the increment of movement sepa- 
rately for each 100-foot section between 
the duct-mouth and the center of the 
stretch. An 800-foot stretch will accord- 
ingly involve four successive solutions of 
these equations, and the summation of 
the individual increments to get the total 
movement. The value of L in equations 
1 and 4 should be 1,200 inches in each 
of these solutions. In addition, each 
100-foot section will have its own re- 
straining force at the end of the 100-foot 
section toward the duct mouth, analo- 
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gous to the force, k, in Figure 7. 

Accordingly, different values of ‘‘ap- 
parent modulus of compressibility’ are 
indicated for each 100-foot section as 
well as for each temperature rise. The 
restraining force, k, at the duct-mouth 
end of the cable section adjacent to the 
manhole is a function of the dimensions of 
the cable training in the manhole, of the 
kind of arc-proofing on the cables, and of 
cable stiffness. The magnitude of this 


15-kv 3-conductor belted 350,000 circular mil cable (Sample 3) 
maximum movement at the duct mouth of various conduit lengths of 


straight, flat duct bank 


force for a cable similar to Sample 3 may 
be secured from the author’s earlier paper 
(reference 8, Figure 18). Adjustment of 
the values secured from that source may 
be made for other cables on the basis of 
relative stiffness. These values become 
less critical for the longer cable lengths 
normally met in service. Values for 69- 
kv Samples 1 and 2 are given in Figure 10 
based on tests in a full-size dummy man- 
hole, increasing with amount of cable 
movement. 

The restraining force for each 100-foot 
section, successively remote from the 


Table Ill. Computed Cable Movement 
Maximum Movement at Each Duct 
Mouth—lInches 
At 20C Conductor At 30C Conductor 
Temperature Rise Temperature Rise 
For For For For 
Sample 200-Foot 800-Foot 200-Foot 800-Foot 
Description Number Length Length Length Length 
HLROVC OPEN BSE. erotic ett aa Wig cme nel wels wide ws. ties & viateland OG4O%. fercrsce IF Gok anerat cs ORCI eats 2.42 
1-1,500,000 Circular Mil Single- 
Conductor |69-Ky Cable Per 
Duct | 
Low pressure, |hollow core, single sheath.............. aL scyeftesteny ORE Aotars eee rete OO Ok mcarm a diol 
High pressure, compact seg., double sheath............ Dott analree OM 28st. hz Oe ONES canine 1.52 
1-350,000 Circular Mil 3-Conduc- 
tor 15-Kv Cable Per Duct 
Belted; compact sectors;..........60-inchlay ..... Seen Oe22 tla rsten OR ZO ee ore ORoBrsa tas 0.63 
Metal shielding tapes, metallized 
paper binders; standard strand 
SOCUOLS SNA toieie ep ster retie exstne ur cis and 45-inch lay ..... ATS eM OZ aces OS Ose ONG es cece 0.68 
Carbon black shielding and binder 
tapes; stagdard strand sectors;..60-inch lay ..... ‘Dstalvaneiens O28 tek 2 OF BO). sratcier OSE ar nites 0.65 
Carbon black shielding and binder 
tapes; standard strand sectors;,.60-inch lay ..... Ox goheaten OEZB eee OFEG cs siete OO 0.76 
3-Single-Conductor 15-Kv Cables 
Per Duct 
500,000 circular mil compact 
SENG TOMI aac seieretceescianahekeneia tats Parallel lay ..... Lievp siete a OR 2 Cite steed 0246 5 serene OA facacasa.s: 6 0,94 
500,000 circular mil compact 
Strand! round: J. 2c zscda at eienere 48-inch lay ..... Site extas On OT ets: ONOTs toes (0 )5 be ee ae 0.12 
350,000 circular mil standard 
Stam CULO Gis wis «tate «ukaiancraed 62.5-inch lay..... Slaten OZ0BKenn 0 .0d% OOM ares tt 0.07 
350,000 circular mil standard 
lids woos ¥e(s eM OAIND fcococi bie 37-inch lay ..... MO) eesiinaye: si OOS ees O04 cael LO a. stsis 2 0.10 
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duct-mouth, is equal to the sum of the re- 
straint at the duct-mouth and the fric- 
tional restraining force attributable to 
the weight of the cable between the given 
100-foot section and the duct-mouth. 
For example, in the computations for a 
20-degree rise on the 800-foot stretch of 
cable similar to Sample 1, the respective 
magnitudes of restraining forces were 150, 
476, 802, and 1,128 pounds respectively 
(the friction of 100 feet of 10.85-pound 
per-foot cable being determined at a 
coefficient of 0.3). Figure 7 yielded values 
for C, of 0.23-, 0.22-, 0.20-, and 0.18-inch 
per inch per pound per circular mil with 
corresponding values for compressibility 
of 0.153, 0.147, 0.133, and 0.12 micro- 
inch per inch per pound. Since the 
critical temperatures, tf, for these sections 
were found to be 1.4, 4.2, 6.4, and 8.1 
degrees from equation 4, the increments 
of movement for each section could be 
computed from equation 1 and were 
evaluated as 0.35, 0.29, 0.25, and 0.22 
respectively, giving a total movement at 
each duct mouth of 1.11 inches for an 800- 
foot flat, straight stretch. Immediately 
evident from the foregoing are the values 
of 0.89-, 0.64-, and 0.35-inch at 20-degree 
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Figure 13. Longitudinal thermal expansion 


of ‘‘bent column” cable 


69-ky single-conductor oil-filled cable, Sample 
1. Expansion is approximately the same at 
zero restraint at duct mouth for tests with one 
hump (broken horizontal line) and with two 
humps (solid horizontal line). Crosses show 
conductor temperature rise measured by 
thermocouple in core of cable; dots show 
conductor temperature rise measured by re- 
sistance wire in core of cable; open circles 
show temperature rise measured by change of 
resistance of cable conductor 
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rise for the total movement at each duct 
mouth on 600-foot, 400-foot, and 200-foot 
stretches, respectively. Similar compu- 
tations at other temperature rises made 
available the information for the plotting 
of Figure 11. 

Figure 12 shows the cable movements 
calculated for cable similar to Sample 3. 
Computations were made for two values 
of coefficient of friction to show the in- 
fluence of this factor on a cable as com- 
pressible as this 3-conductor construction. 

Similar curves were plotted for all 
other constructions included in the test 
program. Table III was prepared by 
selecting four comparable values of cable 
movement for each sample. The equiva- 
lent expansions for free copper bar 
also were listed. These cable movements 
range for a 20-degree rise on an 800-foot 
stretch from 69 per cent of the bar copper 
value for Sample 1 to less than 3 per cent 
for triplex Sample 10. 

It is significant to observe that the 
stiffness of the 69-kv cable in Figure 11 
causes increases in cable movement for 
flat, straight lengths even beyond 800 
feet, while the relatively more compres- 
sible 15-kv cable in Figure 12 shows no 
additional movement above the 400-foot 
length at 20-degree rise, and above 
600-foot at rises up to 40 degrees. 

The 15-kv cable movements were 
shown in Figure 12 for a small manhole 
with 11-inch wide offset, while Table III 
was prepared for a manhole training off- 
set-width of 19 inches. The movements 
for the 69-kv cables were prepared for 
Table III and Figure 11 for a manhole 
restraint exerted by a 23-inch offset, a 
value somewhat smaller than would be 
considered good field practice. The in- 
fluences of variations in offset widths or 
the consequent changes of duct mouth 
restraint upon the calculated values of 
cable movement for large stiff cables are 
not at all critical. 


Effect of Changes in Conduit Profile 


While the cable movement indicated 
in Figures 11 and 12 are in general agree- 
ment with the maxima values reported 
from field surveys on installations of 
similar cables, these maxima actually 
apply to only a small percentage of all the 
field measurements. This fact*had been 
realized from the author’s earlier work 
(reference 8, Figure 6). 

Additional free expansion and 750- 
pound restraint tests were conducted on 
the 69-kv 1,500,000 circular mil oil-filled 
cable Sample | in an effort to approximate 
profile changes. The purpose of these 
special tests was to determine a design 
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basis for reducing the magnitude of the 
cable movement indicated in Figure 11l/to 
some average value which more appro- 
priately reflected the influences of varia- 
tions in conduit profile, and thereby at- 
tain more practical limits for the man- 
hole design. In one setup, a “hump’’ was 
installed over a 24-foot portion of the 
laboratory conduit structure rising to a 
12-inch high apex at its center point, 18 
feet from the permanently fixed end of the 
structure. In a subsequent setup, a 
second hump was added extending over a 
24-foot portion of the conduit and rising 
to an 8-inch high apex at its center point, 
80 feet from the permanently fixed end of 
the structure. 

It is of considerable interest to note 
that the data from the free expansion 
heat runs, plotted in Figure 13, showed 
practically no influence of either the one 
or the two humps. The movements 
measured in both heat runs were nearly 
equal to those shown in Figure 1. 

The effect of the change in cable con- 
figuration due to these humps (bent 
column), however, is evident in Figure 13 
where it is seen that only 0.05-inch move- 
ment was measured at 30-degree rise at 
750-pounds restraint in the one hump 
heat run, and no movement with two 
humps. 

The bent-column heat runs demon- 
strated the phenomenon which operates 
to reduce the cable movement in actual 
service below the maximum values sug- 
gested by the tests in a straight duct, 
Figures 11 and 12. It is of further in- 
terest to observe that the cable expan- 
sion, which was prevented from appear- 
ing at the duct-mouth as cable move- 
ment, appeared at the apex of the humps. 
Figure 14 shows that cable snaking at this 
location caused a 1.2-inch vertical rise of 
the cable in the duct at a conductor- 
temperature rise of 20 degrees, and caused 
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Figure 14. Cable snaking and sheath strains 
at fabricated hump in duct bank 


69-ky single-conductor oil-filled cable, Sample 
1. Measurements taken at apex of 12-inch 
hump on test with one hump in cable 
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Figure 15. Cable movement at duct mouth—estimated compared with 
measurements in field during operation of 69-kv cable 


Commercial operation of 69-ky single-conductor 1,500,000 circular mil 
Vertical heavy solid lines represent ranges of cable 
movements estimated on bases of tests on Sample 1 (cross in circle shows 
the average value for a given range of conductor temperature). 
vertical columns represent ranges of cable movements at the duct mouth 
measured in field for 2-degree blocks of measured conductor-temperature 
rise (dot in circle shows the average value for the number of measure- 


oil-filled cables. 


cables. 


The 


ments indicated at the top of the vertical column) 


an increment of strain in the lead sheath 
of 0.1 per cent. It is evident that in 
actual operation such snaking takes 
place at changes in configuration in the 
duct bank, and consequently less move- 
ment appears at the duct-mouth. 

A quantitative application of this in- 
formation, however, in a practical design 
problem, requires analysis of the con- 
duit profile. This was done by the author 
for a recent installation of two 69-kv 
lines, totalling 128 duct-bank termina- 
tions. Cable movements were computed 
at conductor-temperature rises of 10, 18, 
23, and 27 degrees which were considered 
as most significant for the study, then 
being made. The method of analysis 
pursued to compute these movements 
was illustrated in the author’s recent 
article on these lines (reference 9). The 
heavy vertical lines in Figure 15 show the 
ranges of values of cable movement com- 
puted. 

The cable movement computations 
were made during preliminary engi- 
neering stages and were used to determine 
‘the appropriate dimensions of the man- 
holes. Subsequently measurements of 
cable movement were made with the lines 
innormal operation. Conductor tempera- 
ture ranges were determined from read- 
ings of temperature-rise indicators specifi- 
cally designed to show conductor-tem- 
perature rise above ambient for cables, 
transformers, and similar electrical ap- 
paratus (reference 10). Each of the two 
69-kv cable lines involved has one of 
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these indicators installed on its switch- 
board as a means of monitoring cable 
loading. The actual temperature ranges 
and values of cable movements deter- 
mined from the field measurements also 
are shown in Figure 15. It is particularly 
interesting to observe the splendid agree- 
ment of experience with the predicted 
movements. 

Measurements of cable movement at 
the duct mouth also were taken on a 
group of 15-kv belted 3-conductor 350,000 
circular-mil paper and lead cables, utiliz- 
ing the same type of movement indicators 
used on the 69-kv cables involved in 
Figure 15. These devices were strapped 
to the cables adjacent to the duct mouth 
in the manholes as illustrated in Figure 5 
of the author’s earlier paper. The ranges 
of conductor temperature were computed 
based upon the records of hourly load 
readings. |The ranges of these move- 
ment data and the averages are shown in 
Figure 16 for 2-degree spreads of cal- 
culated temperature rises. The number 
at the head of each column represents the 
number of measurements included in the 
block below that number. While there is 
a fair correlation between field measure- 
ments and the estimates of movement in 
this figure, it naturally cannot be as close 
as noted on Figure 15 for the 69-kv cables 
where temperature ranges were based 
upon indicated rather than calculated 
values. 

Manhole designers should always keep 
in mind that the service life of the lead 
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Figure 16. Cable movement at duct mouth—estimated maxima values 
compared with measurements in field during operation of 15-kv cables 


Commercial operation of 15-kv 3-conductor belted 350,000 circular mil 

The vertical columns represent ranges of cable movements at 

the duct mouths measured in field for 2-degree blocks of computed 

conductor-temperature rise (dot in circle shows the average value for 

the number of measurements indicated at the top of the vertical column). 

The solid line indicates the maximum movement estimated for a flat 
straight 750-foot cable stretch on basis on Figure 12 


sheath in a given line is determined by the 
average cable movement. The move- 
ment calculation should therefore be 
based upon the average daily copper 
temperature range. The corresponding 
cable movement and rate of sheath life 
loss will of course be much greater in 
some manholes than in others. It is gen- 
erally impracticable to design all man- 
holes with dimensions which would ac- 
commodate the maximum movement. 
Consequently, it is good business to select 
critical manhole dimensions!! which will 
accommodate the average cable move- 
ment particularly because sheath rein- 
forcement is practical and would be inex- 
pensive in the few manholes where move- 
ment would otherwise cause excessive 
sheath life loss. 


Conclusions 


1. Properly accounting for effective 
compressibility is necessary in order to 
compute longitudinal cable movement 
with reasonable accuracy. 

2. The effective compressibility has 
been evaluated from tests on several 
cable constructions. It is designated as 
“apparent modulus of compressibility” 
and equations are given for its use in de- 
termining the maximum longitudinal 
cable movement in any situation. 

3. Triplexing of  single-conductor 
cables without restraining their radial 
movement, results in a construction 
having far less longitudinal movement 
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than any other type of cable construction. 

4. For the triplexed 1.25-inch diam- 
eter paper and lead cables tested, it was 
found that the 30-diameter (87-inch) 
lay of Sample 10 gave uniformly dis- 
tributed bird-caging, whereas the 50- 
diameter (62.5-inch) lay of Sample 9 
caused definitely nonuniform bird-caging. 
The 1.36-inch diameter paper and lead 
cable of Sample 8 was triplexed with a 
lay of 35 diameters (48 inches) and also 
had uniform bird-caging. It is therefore 
concluded that a lay in the order of 35 
diameters should insure satisfactory per- 
formance of triplexed cables. 
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Discussion 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): Longitudinal movement of 
cables, with the resultant bending of the 
lead sheath, has come to be one of the out- 
standing considerations in connection with 
the design and operation of cable systems. 
Various authors have pointed out the rea- 
sons for this. When cable movement first 
came to be recognized as a significant mat- 
ter, very little information was available 
as to its extent or, indeed, as to its signifi- 
cance. This was followed by extensive 
statistical information, together with in- 
creased recognition of the importance of 
cable movement Then came correlations 
of movement with the characteristics of the 
system, particularly the recognition that the 
amount of movement was not a direct func- 
tion of length between manholes. A further 
important contribution to this subject now 
is made by Mr. Schifreen in his very thor- 
ough additional experimental and analyti- 
cal study of the constants affecting cable 
movement. It is gratifying to find how 
effectively this method has been found 
applicable to very practical system design. 


G. J. Crowdes (Simplex Wire and Cable 
Company, Cambridge, Mass.): The latest 
contribution of this author to the subject 
thermal expansion effects in power cables is 
of a great deal of value both to the cable 
user and to the cable design engineer. 
The data seem to be in line with earlier work 
on this subject and bring out some pertinent 
facts concerning cable design worth com- 
menting on. In particular, we would like 
to comment upon the relative stiffness of 
various cable conductors. The data shown 
in Mr. Schifreen’s paper cover standard and 
compact stranded conductors, but do not 
seem to tend to separate them as well as 
might be desired. For example, one of the 
important cable characteristics which af- 
fects the restraining force and the starting 
force at which weaving or offset takes place 
is the stiffness of the conductor. There is a 
considerable difference with compact and 
regular stranding, as indicated by the tests 
described in the following paragraphs. 

The tests were made with a 24-inch piece 
of conductor held horizontally, one end 
clamped in a vise, by hanging a weight on 
the free end and noting the deflection in 
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inches from horizontal Dy» with weight and 
Do after removal of weight. Weights of 
1, 2,4, and 8 pounds were used, but only the 
results with 8 pounds are given here. The 
tests were repeated with the ends of the con- 
ductors soldered to prevent slippage of the 
strands. 


Table I. 


There are two minor points on which I 
should like to take Mr. Schifreen to task. 

It is unfortunate that he uses the ex- 
pression ‘‘triplex cable’’ to designate spe- 
cifically three single-conductor cables twisted 
together, as the AIEE definition of a “‘tri- 
plex cable” covers, and originally was in- 


Test Results 


Position of 


Stranding Sector in Vise Dw, Inches Do, Inches 

Noncompact.....2..46 00: point down...) <sivgiees .00 3.25 

No soldet.j.) scares POntwlp seen eee .00 Average=8.00........... 2.75 Average =3.00 
poimt at sidewo. meee .00 3.00 

Compacts eo eee point down. a... «ones -00) 1.00 

INo.solderacn een eee DOINt: Upp see 75 ( Average =6.75........... 2.50( Average =1.41 
point at side. . cn.) .50 > 07a) 

Noncompact.. .. les ine eis point down........+..- .00 1.50 

Solder; osc eee erent POMC UP. clomid eek ets .00(¢ Average =4.83........... 2.00 Average =1.58 
pointiat side. i. oan 50? 1.25 

Compacts . pew sce ace «ne DOE COW can ue raters ao rae: 

Solderer noun point tipi es eo ees eee .00 Average =72003. 0 dscns 0.75> Average =1.41 
pointiak sider wancin. + .50 1.00) 


These tests seem to indicate that the com- 
pact stranding has a greater tendency to re- 
turn to its original position after being bent 
and that this tendency is due to less slip- 
page of the compact strands. There is no 
doubt from these tests that the compact 
conductor is stiffer and more springy. It 
does not stay in a bent position and tends 
to return to its original position, and con- 
siderably greater force is required to change 
it from a straight position. Some utilities 
have trouble in keeping the compact strand 
racked into position. This may be con- 
nected with the tendency for stiffness and 
unwillingness to change from any given 
shape. It may be that this different effect 
in stranding even shows up in the triplexed 
construction and may mask some of the 
other effects. We would like to see this 
subject pursued further with particular at- 
tention to correlation of the effects of vari- 
ous cable designs. 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
This paper will remain a valuable one for 
many years for the wealth of experimental 
data it contains, as well as for the painstak- 
ing analysis of these data. 
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tended to cover, only the ordinary 3-con- 
ductor cable. A suitable term which has 
had some usage would be ‘‘triplexed cables,”’ 
as we are dealing here with three cables, 
not one, each cable having a joint and a 
terminal of its own. Mr. Schifreen seems to 
have come around to this idea when he 
reached the conclusions at the end of his 
paper. Attention is called to this because it 
might cause confusion in applying equations 
1 and 2 of the paper, as w is defined as weight 
of the cable in pounds per inch, and it is 
important to know what is meant by “the 
cable.”’ 

The other point relates to the accuracy of 
equation 3 of the paper, according to which 
the temperature rise, fo, to start motion will 
be zero if there is no end restraint. I inter- 
pret this to mean that with k=O, any tem- 
perature rise, however infinitesimal, will 
start cable movement. This, however, is 
not the case, as movement will not occur 
until the internal stress caused by expansion 
overcomes the static friction of the cable 
against the duct. It, therefore, seems to 
me that equation 3 of the paper should be 
of a form'similar to equation 4 of the paper, 
but using the value of c for the copper con- 
ductor and a value of f corresponding to 
static friction. 
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L. H. Fink (Philadelphia Electric Company, 
Philadelphia, Pa.): Computation of cable 
movement in accordance with the formulas 
presented in Mr. Schifreen’s paper is greatly 
facilitated by the reduction of these formu- 
las to the graphical form shown in Figure 1 
of this discussion. Evaluation of t) and t; 
is necessary in any case if equations 1 and 2 
of the paper are to be employed properly. 
Once these values are known, the curves are 
read easily. The value of \ (equal to the 
ratio t\/t)) defines the curve applying to any 
given cable. The ordinate of the curve, 
when multiplied by 6 (equal to teL), yields 
the maximum cable movement for any value 
of a (equal to the ratio t/to). 

Figure 1 of this discussion is a plot of 
equations 1 and 2, which follow. 


M_ (a—1)? 

3 201) (1S aS)) (1) 
M 

pee) (1/2) (0-1) (w@2d) (2) 


As indicated, equation 1 of this discussion 
is applicable when the temperature lies 
between ¢ and #4, while equation 2 is 
applicable when the temperature is greater 
than 4. These equations are the dimension- 
less form of Mr. Schifreen’s equations 1 and 
2, and result from rewriting those equations, 
first in terms of the definitions of t and 4, 
as stated in his equations 3 and 4, and then 
in terms of the ratios of those temperatures, 
as defined in this discussion. 

A curve for any value of \ not shown in 
Figure 1 of this discussion, and covering 
temperatures greater than #,(a@>), may be 
constructed easily by drawing a line parallel 
to those shown and intersecting the bound- 
ary (a=)) at the point where a equals the 
desired value of }. Curves for temperatures 
less than ¢; may be similarly constructed if 
M/é is plotted against (a—1) on standard 
log-log co-ordinates, since equation 1 of this 
discussion yields a straight line under these 
conditions. 


C. S. Schifreen: The thoughtful discussions 
by Messrs. Atkinson, Crowdes, and Del Mar 
are gratefully acknowledged. Mr. Fink’s 
proposed simplification of cable movement 
computations is likewise sincerely appre- 
ciated. 

The data supplied by Mr. Crowdes sub- 
stantially agreed with the results from bend 
tests in Philadelphia, on short samples of 
single-conductor 500,000-circular-mil cables, 
both standard strand and compact strand, 
and confirm the influence of compacting the 
strands upon the stiffness or springiness of 
the cable. The stiffness of large 3-conductor 
cables has been troublesome in splicing and 
manhole-racking operations, and there have 
been a few complaints relative to the smaller 
single-conductor cables. The extent to 
which the stiffness attributed to compacting 
may be charged with contributing to cable 
movement at the duct mouth appears to be 
slight and may be obscured readily by other 
factors such as length of lay, tightness of 
sheath and binders, belting, and binder 
materials. The cost of heat runs discour- 
aged extension of the program, as would be 
necessary to include the large number of 
samples required to evaluate separately the 
influence of each factor on cable movement 
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at the duct mouth. It was, therefore, de- 
cided to evaluate composite effects only, on 
samples designed to represent maximum 
flexibility. For example, Sample 4 with 
standard strand sectors, 45-inch lay, and 
three paper binder tapes was found to be 
more flexible than the longer lay standard 
strand Samples 5 and 6, but all of these 
samples were stiffer than the Philadelphia 
Electric Company standard 3-conductor 
cable, tested as Sample 3, which had been 
regarded as a “‘stiff’”’ cable with its compact- 
strand sector, 60-inch lay, and ‘‘tight”’ belt 
insulation. The great advantage of triplex- 
ing (evident from Table III and Figure 9 
of the paper) for reducing cable movement, 
however, renders unimportant the effects 
related to compacting the strands. The 
little extra effort required by the splicer to 
train this slightly stiffer conductor in the 
manhole during the splicing and cable-rack- 
ing operations can hardly justify the addi- 
tional material which would be required if 
standard strand single-conductor paper and 
lead cables were specified. 

Mr. Del Mar has quite appropriately em- 
phasized the significance of the term ‘‘tri- 
plexed cables.’’ Ambiguity, however, was 
thought to have been avoided in the paper 
by use of the cable descriptions given in 
Table I under the third column (headed 
“Conductor Size, Mcm’’). 

Mr. Del Mar’s difficulty in accepting the 
accuracy of equation 3 in the paper may be 
resolved by a review of the fundamental 
differential equation for cable expansion 
with rise in conductor temperature. The 
author had already referred to Mr. Bodi- 
cky’s discussion of his earlier paper! for a 
general discussion of the appropriate equa- 
tions, but some emphasis is in order. The 
fundamental relationship is 


dm=etdx —wfc(L —x)dx —kcdx —wfc(dx)? 
(3) 


where dm is the increment of duct mouth 
movement caused by expansion in the dif- 
ferential length, dx, of cable at distance x 
from the center of the cable stretch. The 
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component efdx is the theoretical maximum 
expansion of a differential length of cable, 
dx, if there were no restraint. The compo- 
nent wfc( L—x)dx is the reduction in expan- 
sion caused by compression produced by the 
frictional restraint of the moving cable 
(L—x) between the point « and the duct 
mouth, L being the distance from the center 
of the stretch to the duct mouth. The com- 
ponent kcdx is the compression caused by 
the restraining force, k, at the duct mouth. 

The component wfc(dx)? involves the point 
that Mr. Del Mar raised. This accounts 
for the static friction of the cable length dx 
against the duct and results in a restraining 
force, fwdx, on the cable increment, dx. 
This restraint produces a compression of 
the increment (dx) equal to the product of 
the force fwdx, the compressibility, c, and dx. 
This term, however, is a second-degree dif- 
ferential, which reduces to zero in equation 
3 of this discussion, thus causing the static 
friction component to vanish. The subse- 
quent integration required to evaluate the 
total duct mouth movement, M, therefore, 
need deal only with the following simplifica- 
tion of equation 3 of this discussion, as 
given by Mr. Bodicky: 


dm = etdx —wfc(L —x)dx —kcdx (4) 


There apparently is no difficulty involved 
with equation 1 of the paper, which results 
from integrating equation 4 of this discus- 
sion between limits«=Oandx=L. For this 
case, the temperature rise is such that every 
increment (dx) of the entire stretch is con- 
tributing to the total movement, M. 

The crux of the demonstration of the 
validity of equation 3 of the paper follows 
from an analysis of equation 4 of this dis- 
cussion for the conditions that prevail for 
temperature rises between ¢, (equation 4 
of the paper) and ¢ (equation 3 of the 
paper), during which every increment (dx) 
of cable in the stretch does not contribute 
to cable movement, M. For example, for 
every temperature rise /, there is a partic- 
ular value of x, referred to as x, at which 
the cable expansion (dm) for the increment 
(dx) is zero, and equation 4 of this discussion 
reduces to 


0 =etdx —wfc(L —xo)dx —kcdx 
or 
xo =L+k/wf —et/wfc (5) 


Equation 5 of this discussion emphasizes 
that the length of cable, x0, which does not 
contribute to cable movement depends on 
the length of the stretch, the restraining 
forces, and the temperature rise. There are 
two critical values of temperature rise. One 
value is 4, at which x=0. This converts 
equation 5 of this discussion into the equa- 
tion 4 of the paper. Any temperature rise 
above f; results in cable movement in accord- 
ance with equation 1 of the paper. 

The other critical value is fp at which x)= 
L. This converts equation 5 of this dis- 
cussion into equation 3 of the paper and 
demonstrates its validity. At this tem- 
perature rise and below, there is no cable 
movement, since this condition represents a 
cable stretch that is totally restrained. 
Even the expansion (dm) for the last incre- 
ment (dx) of cable adjacent to the duct 
mouth is zero. 

The determination of the cable move- 
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ment M at the duct mouth for temperature 
rises intermediate in value between ¢ and 
is accomplished by integrating equation 4 
of this discussion between the limits, x =x0 = 
L+k/wf—et/wfc (equation 5 of this dis- 
cussion) andx=L. This results in equation 
2 of the paper. It should be noted here 
again that equation 3 of the paper is con- 
sistent with equation 2 of the paper, since 
it is readily apparent that the term (et-kc) 
must be equal to zero for the condition M =0. 
Mr. Del Mar apparently has overlooked 


the full significance of the fact that at fy 
(when M=0) we are dealing with only the 
last increment of cable (dx) adjacent to the 
duct mouth. Physically, this represents the 
fact that, since the coefficient of static 
friction is applicable only to that portion of 
cable which is on the verge of moving, it is 
at any instant applicable only to a differ- 
ential length of cable, which is adjacent to 
the duct mouth for the limiting temperature 
rise &. At best, it can contribute only an 
infinitesimal force component which (since 


there is no finite length over which it can be 
integrated to yield a finite force) must, be 
considered absolutely negligible at all times 
in relation to the other finite forces involved. 
Consequently, when k =0, only an infinitesi- 
mal temperature rise will be required to 
start cable movement. The amount of this 
cable movement, however, also will be in- 
finitesimal for such an infinitesimal tem- 
perature rise. 
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Synopsis: The problem of commutation has 
always been one of the most important prob- 
lems in the satisfactory operation of both 
d-c and a-c commutator motors. The uni- 
versal motor has the problems of both a-c 
and d-c motors. The many factors influenc- 
ing satisfactory commutation such as 
electrical and magnetic conditions, me- 
chanical condition of the armature, carbon 
brush condition, and in some applications 
such as portable electrical tools, atmospheric 
conditions may be such as to influence com- 
mutations. In both the d-c and a-c motors, 
the armature conductors cutting across the 
magnetic field set up by the combined arma- 
ture and field winding generate electromo- 
tive forces in the short-circuited coils which 
are proportional to the product of the speed 
of the armature, the flux which the armature 
conductors cut, and the number of turns in 
series. However, in the a-c motor, there isa 
voltage generated by the reversals of the 
main field flux just as the voltage is gener- 
ated in the secondary of a_ transformer. 
In the noncompensated motor, commutation 
can be somewhat improved by using a strong 
main field and weak armature field and mov- 
ing the brushes backward. However, this 
has no effect upon the transformer voltage. 
In the compensated universal motor there is 
a compensating winding distributed at 90 
electrical degrees to the main field and op- 
posing the armature field, or in the single 
field distributed winding the brushes are 
moved back a predetermined amount which 
compensates for the voltage due to the arma- 
ture field. 


HE universal-type motor is used 

principally in home appliances such 
as vacuum cleaners, food mixers, and 
drink mixers, office appliances of all types, 
and portable electrical tools and many 
miscellaneous applications. It is essential 
that the commutation be satisfactory in 
order to insure satisfactory life and per- 
formance. The conditions of operation 
cover a very broad field. In this country, 
the predominant voltage is 115 volts, 60 
cycles alternating current with some 
direct current in the metropolitan dis- 
tricts and some shipboard use. How- 


%, 
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ever, for export the motors must operate 
on alternating current mostly 50 cycles, 
and a great deal of direct current. Many 
foreign countries have 200 to 250 volts 
alternating and direct current which 
makes it very difficult to obtain good 
commutation unless the motors are es- 
pecially designed for these higher voltages 
which would mean adding more com- 
mutator bars and narrower brushes so 
that the brush span on the bars is no 
greater than for 115-volt motors. How- 
ever, there are disadvantages to doing 
this for small high-speed motors because 
of the weaker mechanical construction. 
Good commutation means more than 
satisfactory performance. It means in- 
creased life of the brushes, less burning 
and smutting of the commutator, and less 
heat in the commutator and armature and 
brush springs. There is then less heat 
carried to the bearings thus increasing 
the life of the lubrication in the bearings. 
In all, it means longer life to the motor 


ARMATURE FLUX 
(DOTTED LINES) 


COMMUTATING ZONES 


MAIN FIELD FLUX 
(SOLID LINES) 


Figure 1. Diagram of main and armature flux 
in a noncompensated universal-type motor 
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and less service charges for the manufac- 
turer and ultimate user. 

Prior to 1923, the best brush life of non- 
compensated motors was under ideal 
conditions about 500 hours. The users 
accepted it then as satisfactory but im- 
provements in appliances demanded 
greater life of the motor brushes. 

The application of good design prin- 
ciples and proper manufacturing methods 
has made it possible to improve the com- 
mutation and increase the brush life con- 
siderably over this figure. However, the 
application still has considerable bearing 
upon the best commutation and brush 
life obtainable. 

This paper endeavors to explain some 
of the theory of commutation as applied 
to universal-type motors and the prin- 
ciples of design and manufacture for good 
commutation. 


Commutation Problems, Electrical 
and Magnetic Conditions 


In commutator-type motors, the cur- 
rent is reversed in the armature coils as 
the commutator bars, to which they are 
connected, pass under the brushes. During 
the period of reversal the coils are short 
circuited due to the brush making con- 
tact with two bars to which the ends of the 
coils are connected. During the short- 
circuit period, the current in the short- 
circuited coil is determined by the voltage 
generated in that coil and the resistance 
of the coil, brush, and brush contact. The 
ideal condition would be when the voltage 
generated in the short-circuited coil would 
be such that the current in the coil would 
change at a uniform rate from full load 
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One cannot think of commutation problems with- 
out acknowledging the great contributions of the 
late B. G. Lamme and R. E. Hellmund. It was the 
privilege of the writer to receive their personal 
assistancé and advice and also assistance and advice 
from G. H. Garcelon, R. Ehrenfeld, C. A. M. Weber, 
and the late B. H. Chatto, at the time when efforts 
were underway to improve the commutation of 
universal motors, 
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value in one direction to full load value 
in the opposite direction. This would 
mean that the short-circuit current would 
never be excessive and that the current 
would be flowing in the proper direction 
and would have the proper value when the 
commutator bar to which the coil is con- 
nected passes from under the brush. 

In Figure 1, is shown for example the 
path of the main field flux and that of the 
armature flux of a noncompensated motor 
and also the location of the armature coils 
which are short circuited by the brushes. 
It can be seen that the whole main field 
flux (solid lines), passes through the coils 
while they are short circuited. There- 
fore with alternating current, the trans- 
former voltage is then proportional to the 
number of turns in the armature coil, the 
total main field flux, and the frequency of 
the circuit. The transformer voltage is 
90 degrees out of phase with the field flux 
and its value is independent of the speed 
of the armature. 

The transformer voltage is usually of 
considerable value and it would be very 
desirable to generate a counter-voltage 
which would tend to reduce a short-cir- 
cuit current due to the transformer volt- 
age. So far there seems to be no means 
for providing such a counter-voltage since 
the ordinary means of correcting commu- 
tation trouble deals only with the rota- 
tional voltages. 


The current in the armature conductors 
by its magnetic effect influences the mag- 
netic field around the armature. This in- 
fluence is known as armature reaction. 
The armature flux combined with the 
main field flux distorts the field form and 
sets up a field in the space between poles 
and in the commutating zone. Referring 
again to Figure 1, it will be noted that the 
short-circuited coils are moving through 
this field in the interpolar space. The 
commutating zone as indicated represents 
this space through which one or more 
short-circuited coils move. It is the flux 
within this space which concerns us in 
considering commutation. The value of 
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Figure 2 (left). 
Combined field 
form of a non- 
compensated uni- 
versal - type 
motor with 
brushes on neu- 
tral. Counter- 
clockwise _rota- 
tion 


the flux in the commutating zone is deter- 
mined by the ampere-turns of the field, 
the ampere-turns of the armature, and the 
reluctance of the magnetic path. With 
the brushes on neutral, the reluctance of 
the magnetic path is high in the center of 
the commutating zone and decreases to a 
comparatively low value at the pole tips. 
The reluctance in the commutating zone 
is changed with the shifting of the brushes 
due to the fact that the relative position 
of the. brushes and commutating zone 
remains constant. 

In the d-c or the universal motor, as- 
suming no compensation, there are three 
voltages generated in the short-circuited 
coil, One is due to the magnetic field in 
the interpolar space set up by the com- 
bined field and armature windings, an- 
other voltage due to the flux set up in the 
armature end winding in the zone of the 
short-circuited coil, and another voltage 
due to the armature flux which crosses 
from slot to slot. The short-circuited ar- 
mature coils cutting across these three 
fluxes generate these short-circuited volt- 
ages, the values of which are proportional 
to the flux cut by the armature conduc- 
tors, the speed of the armature in rev- 
olutions per second and the number of 
turns inseries. These voltages are known 
as reactance or rotational voltages, and 
apply to both d-e and a-c operation. 

The rotational or reactance voltages 
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Combined field form of a non- 
universal-type motor with 
Counter-clock- 


Figure 3. 
compensated 
brushes two bars off neutral. 

wise rotation 


are in phase with the field flux and are 90 
degrees out of phase with the trans- 
former voltage in the short-circuited coil 
and for that reason cannot in any way 
affect the value of the transformer voltage, 
Unless there are conditions existing in an 
a-¢ series motor of which we do not have 
any knowledge, the transformer voltage 
in the short-circuited coil cannot in any 
way be affected by the shifting of the 
brushes or changing in any way the value 
of the flux surrounding the short-cir- 
cuited coil. 


NONCOMPENSATED Morors 


Figures 2 and 8 are assumed field forms 
the effects of different field 
strengths in the commutating zone, upon 
commutation, By combining the fields 
produced by the armature and the main 
field and plotting these asshownin Figures 
2 and 8 and then laying off the width of 


to show 


the commutating zone, we can determine 
the strength of the field surrounding the 
short-circuited coils, In Figures 2 and 8, 
the shaded portion below the horizontal 
base line is the field which generates the 
voltage tending to reverse the current in 
the short-circuited coil, It is evident that 
in Figure 2 the value of the field is very 
small and by noting the relation of the 
coils and the field, it will be seen that just 


EE 
GOMMUTATI 
= i ZONE 


“ss 


Figure 4. No load, 


armature and com- 


bined field forms in 


terms of ampere turns 
for a noncompen- 
sated universal-type 
motor. Commutator 


has 26 bars. Coun- 
ter-clockwise rota- 
tion 
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the one side of the one coil is really af- 
fected by the field below the line, Figure 
3 shows that all except one of the coil 
sides are in a strong field. ‘This is the de- 
sired condition but the value of this field 
must be such as to give approximately 
the voltage required to reverse the current 
and bring it up to full load value while 
Due to the 
high speed of these motors, a coil is short- 
circuited only a very short time, in the 
order of approximately 0.0005 second, It 
is probable that a higher voltage is re- 
quired to build the current up in the short 
period of time than would be required in a 
slower speed motor, 


the coil is being commutated, 


It is good practice to 
determine experimentally the proper 
value of field for the reversal of the cur- 
rent, Due to 
motors this is practical because they are 


the small size of these 


easier to handle, 
In the 
motors the ratio of armature 


universal 
and field 


noncompensated 


strengths can be proportioned to reduce 
the field in the commutating zone and im- 
prove commutation, Shifting the brushes 

will further 
Further improvements 
can be made by the design of the magnetic 


against rotation improve 


commutations, 


circuit to reduce magnetic distortion and 
increase the reluctance of the armature. 
Deep slots in the armature are to be 
avoided as they decrease the reluctance 
and increase the reactance voltage. 

A ratio of armature to field strengths in 
the order of 0.7 to 0.8, together with a 
brush shift of 20 to 26 electrical degrees, 
depending upon the field form, in a 2-pole 
motor will give good commutation and 
brush life, The brush shift necessary will 
depend somewhat upon the ratio of pole 
face to pole pitch and the chording of the 
armature winding and the ratio of the 
armature to field winding. If the brush 


Figure 5. 
universal-type motor. 


Combined field form in terms of ux, for a noncompensated 
Counter-clockwise rotation 


shift is much more than indicated above, 
the main field flux is reduced to such an 
extent that the motor becomes very in- 
efficient. It is the usual practice to get 
the equivalent of the brush shift by con- 
necting the armature leads to the com- 
mutator bars off neutral an amount equal 
to the brush shift desired. If the motor is 
to be reversed, the brushes must be set on 
electrical neutral. These motors usually 
have two bars per armature slot. 

The winding ratio mentioned previously 
is satisfactory for universal characteristics 
over a reasonable range of load or a lower 
range if a governor is used. Some ap- 
plications that operate over the full range 
of speed from starting to no-load may re- 
quire a weaker field than the above ratio 
to get desirable characteristics for opera- 
tion on frequencies from 0 to 60 cycles. 
However, this means a sacrifice in com- 
mutating conditions and shorter brush 
life. 

The rotational voltages due only to the 
interpolar flux can be determined ap- 
proximately by laying out the field forms. 
All of the rotational voltages can be cal- 
culated by the methods following which, 
however, are only approximate but give 
reasonably good results. The transformer 
voltage is calculated directly from the 
full load main field flux. This flux is 
calculated from the no-load saturation 
curve correcting for brush shift and dis- 
tortion caused by the armature flux, 

The field forms shown in Figures 4, 5, 
and 6 are for an experimental motor. 
Figure 4 shows the no-load field form with 
no current in the armature, the armature 
field form, and the combined field, all in 
terms of ampere-turns per pole. The 
field ampere-turns are those in the air- 
gap. 

A convenient method for laying out the 


no-load field form is to lay out the pole 
face, pole tips, armature surface, and air- 
gap to a large scale. Divide the surface 
of the pole face, tips and armature sur- 
face into equal divisions and connect the 
corresponding points with flux lines for a 
pole pitch. Measure these lines and’ plot 
the reciprocals of them as ordinates 
against the corresponding points on the 
armature as abscissa. These points 
should be so spaced as to be a multiple of 
180 degrees, so that the abscissa can be 
converted to read from 0 to 180 degrees. 
Then assume the total height of this field 
form to be 100 per cent and let the cal- 
culated ampere-turns per pole in the main 
air-gap equal 100 per cent. Points on the 
side of field form are then proportional to 
the total height or maximum air-gap am- 
pere-turns shown. 

The armature ampere-turns per pole 
for a full pitch winding are equal to: 


eZ 
2P 


(1) 


where 


1J,=armature current per conductor 
Z=total armature conductors 
P=number of poles 


This value represents the total height of 
the armature ampere-turn field form. 
This point is located 90 electrical degrees 
from the center of the no-load field form 
when the brushes are on neutral. Then 
draw a line from this point to the abscissa 
at the center of the. main field no-load 
field forms of two adjacent poles. The 
north pole is above the line and the south 
pole is below the line. This triangle rep- 
resents the armature ampere-turn field 
form for a full pitch winding when there 
is no current in the main field winding. 
Refer to Figure 4. 

The curve will have a flat top for a 
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Figure 6. No load and load field forms of a noncompensated universal- 
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chorded winding. Draw a horizontal line 
across the triangle near the peak at a 
height equal to equation 2 times a factor 
or: 


1a S 


2P Ss “) 


where 


S=number of armature slots per pole 
S!=number of slots spanned by the arma- 
ture coils 


The combined field form is obtained by 
adding the main field no-load field form 
and the armature field form. Figure 4 
shows the layout of these field forms. In 
this case the abscissa is laid out in terms 
of commutator bars, 

The flux field form, Figure 5, is calcula- 
ted from the combined ampere-turn field 
form for the different air-gaps and the 
armature. This does not take into ac- 
count armature teeth or pole tip satura- 
tion which may have an appreciable ef- 
fect in some cases. 

The voltages are calculated from the 
combined flux field form for the various 
points as shown in Figure 5. However, it 
is only necessary to calculate those volt- 
ages generated in the commutating zone. 
The following method from Lamme, may 
be used to calculate the width of the com- 
mutating zone in terms of slots. 


C;+Bs—1+(C; X slots chorded) 


C, (3) 


where 


C;=number of commutator bars per slot 
B;=number of commutator bars spanned 
by the brush 


Figure 6 shows test field forms for the 
experimental motor for which the layouts 
in Figures 4 and 5 were made. The test 
was made with an exploring coil, on the 
armature, the coil having a sufficient 
number of turns so that the voltages 
would be sufficiently large to be readable 
on the voltmeter. The values in Figure 6 
are for the no-load field and full load for 
all brush settings from 0 to 4 bars off 
electrical neutral. The voltage values 
should be multiplied by a factor of 0.09 
to get the correct value of voltage gen- 
erated in the armature coil. This repre- 
sents the ratio of armature turns per coil 
to the exploring coil turns. The values in 
the commutating zone are reasonably 
close to the values calculated from the 
field form. 

Figure 6 also shows how the combined 
field is weakened by increasing the brush 
shift from 0 to 4 bars. This motor was 
built with a brush shift of two bars. The 
armature was lap wound. 
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The three voltages, (1) that due to the 
flux in the interpolar space, (2) that due 
to the armature end winding, and (3) 
that which crosses from slot to slot may 
be calculated approximately by the fol- 
lowing methods: 


Voltage Due to the Flux im the Interpolar 
Space 


The flux density B, at the midpoint in the 
interpolar space is, 


2X3.19 
By=— Xarmature ampere turns per 
Z pole (equation 1) 
2X%3.19 [eZ 
siege Moga (4) 
G 2P 
where 


G=interpolar gap in inches between arma- 
ture surface and the yoke 


The voltage /, in the coil due to its 
cutting the interpolar flux is calculated 
by the well known equation, 


Flux X conductors X rpm 


5 
60 108 (5) 
Then 
BirDL) X2T.R, 
ky = Saree (6) 
108 
where 


D=armature core diameter in inches 
LL =armature core length in inches 
7, =armature turns per coil 
R,=revolutions per second 


Equation 6 further developed and mul- 
tiplied by the factor C, which takes into 
account the chording and brush width, 
may be written 


2X3.19 XIeZmDLT Rs X Ci 


GPX108 
C; = 1.0 to 1.5 


————— 


(7) 


Voltage Due to the lind Flux 


This voltage /, is due to the flux in the 
armature end winding set up by the arma- 
ture as a whole and may be calculated ap- 
proximately by the following method from 
Lamme. | 

} 
4D 


WATE Meee 
= —_—. *X —_ (0.9 + 0.085) C, 
108 x P (0.9-+- )Cy 


Le 


(8) 


where 


S=number of slots per pole 

C,=a constant depending upon the chording 
and equals S!/S 

S1=number of slots spanned by the arma- 
ture coils 


Voltage Es Due to Flux From Slot to Slot 


This voltage is due to slot flux which 
enters at the bottom of the tooth and 
spreads across the coil space, the space 
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above the top coil and from the tooth top 
across the slot opening. 

The total voltage /, may be expressed 
by an equation derived from Lamme’s 
equation as follows: 


AXK319KIZT RL 
Es= : ——— X 


10% 
1 C,(Ks"+0.544/n)} (9) 
where 
K," =slot constant 
tooth width ; 
nN =—— — at the circumference 
slot opening 
C 
Ore aT (10) 
Cy+Bs—1+(C, Xslots chorded) 
where 


C,=number of commutator bars per slot 
B,=number of commutator bars spanned 
by the brush 


The total voltage 1. per coil is, 


Eo=Litket+Es (11) 


The total voltage 7, due to the brush 
span B, is, 


Ey =EoX By (12) 


All of these voltages are on the basis of no 
brush shift. Brush shift does not alter 
the calculations for the end slot 
voltages, but a correction must be made 
for the interpolar flux which can be ob- 
tained from the field forms. 

The transformer voltage Ly, in the 
short-circuited armature coil can be cal- 
culated by the well known equation 


and 


444 xX bT of 


Ey. = - 
0,707 * 108 


V'¢ 


(13) 


where 


o=full load flux in lines (from the satura- 
tion curve)=0.707 maximum value 
main field flux 
7, =armature turns per coil 
f =frequency of the circuit 
The voltage Er, per brush is, E7ry= Lr, 
the bars spanned by the brush or, 


Ery= 7, X% Bs (14) 


The rotational voltages are spaced 90 
degrees to the transformer voltage, and 
therefore, the resultant voltage Hx, per 
coil is equal to, 


En,= V Ep e+ Ee? volts per coil (15) 


The resultant voltage Hey per brush is 
equal to, 


Erp = V Enyt+Ey? (16) 

The short-circuit current in the coils 

being commutated depends upon the re- 

sistance of the coils, the contact resistance 

and resistance of the brush and the total 

voltage. The short-circuit current may 
aa 
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Fique 7, 


short-cireuil 
brush 
drop, (approximately one voll per brush) 
frequently (his eur 


the 
vollaves, armature Coil resistanee, 


he eoleulated from 


wid Jowd current 
rent is greater (han the load current 


Caleulations of the rotational and 
transformer volluges for the motor for 
which the field fortis were made tre 
shown in the Appendix, The results as 


show (that the 
renter portion of the shorleireutt voltage 
(lhe 
Hiwny eases it tiay nol be worthwhile to 
plot the field foriis jist tinate the 
vollave in the inberpolias Low 
ever, itis necessary to plot the to doad 
fo obtain the 
polar digle of (he pole face and the eon 
bined tine Held for should be jade to 
show the distortion and tiadiiiiin densi 


well is general experience 


is due to (ranstoriner yollage, In 
tO @8 
splice 


field form in order Wiewy 


Lies 

It requires only a Tittle (ine 
(he iiterpolar 
necessary to do i 


Hore 
fo liwire 
Ht ulso tiny be 
anyway lor low-speed motors 

The foneompensated 
Hialiilly po sill Chat iis not praetienl to 
liave tore (han two bare per arinatiure 
alot ot Hilerpolurs, Tt is pen 
erally possible to satisly the applieation 
Without iiterpoles and with two bars per 
alot 


(he volluge in 
space 


Wolors are 


lo linve 


ComPunsaAtin Morora:; 2-1 tip Dvn 


wniversal iotors lave 
alolled primaries in whieh the main teld 
is Henally a opingle eoil, Phe armature 
field is compensated by a distributed 
field i series WIT the armative bat op 
posing (he armature Held aid is at 0 de 
wreea (oO (he main field, The compenpat 
inv magnelomolve foree practeally neu 
(ralives (he (hic in Che interpolar apace, the 
armature end (ix, and the thx from slot 
(o slot, Towever, ainee the primary and 
armatire do tot have the same number 
of plots, dh is not possible to mateh the 


Comipensated 


—. 
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Field forms of a field compensated motor 


i ae aaa 
COMPONENT OF STATOR 
FIELD IN OPPOSITION TO 

4 : THE ARMATURE FIELD 


= —a 


armature field exactly but the mateh ean 
It is better to over-com- 
pensate slightly, This 
leaves only the transformer voltage in the 


he fairly close, 
compensation 
short-eweuited coil when operated on 
allernaling current, 
value as this type of motor 
in usually large enough to male it prac» 
lied! to use three or more bars per arma 
ture slot 
voltage 


This yollage ean he 
kept to a sale 


(hus redueing the turns and 
coil, the brush 
span must not be any more than for the 
two bars per slot, Vigure 7 shows rep- 
fields of the 2-field type, 
‘The brushes are on neutral and the motor 
nuiy be reversed, 


pel However, 


resentative 


ComrinsaTin Morors; Simnciun-lim up 
Tye 
‘The single-fleld motor is similar to the 


Yleld motor exeept that the main field 
is a fully-distvibuted winding and the 
compensation of the armature field is ob 
by the brushes thereby 
Moving the armature fleld with them as 
shown in Miguve S, The ratio of (he arma 
lure winpere-timns to the field ampere 
(urns is usually less than 1, whereas the 2- 
field type may have a ratio over tL, In 
(hin case, like the Q-field type, we have 
only (he (ranslormer voltage to deal with 
‘The motor cannot be reversed, 

Ii in desirable to keep down the value of 
(he shorl-cirenit voltage to 6 to 7 volts per 
brush and the short-eireuit current to a 
minim at the fullload point, The 
brishes should have sufficient resistance 
(o Ganint materially in holding down the 
shorbeivenit current and still not to in- 
erease (he voltage drop at the brushes to 
in excesmive value, The armature coil 
redistance and the eontaet resistance be- 
(ween the brush and commutator also 
help to hold down this current, Tf steps 
we not taken to hold down this current, 
it may exeeed the load eurrent, The 
short-cireuit voltage and current inerease 


(ained Moving 
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Figure 8, Field forms of 4 single-field compensated motor 


with increase in load, Changing the 
width of the brush may help commuta- 
tion, but not always. U too narrow, the 
brush may not follow the commutator. 
It also may be mechanically weak and 
break easily, 


Commutator and Brushes 


‘The commutator performs a very im- 
portant part in maintaining good commu- 
tation, It would be desirable to have as 
many bars as practical which means more 
coils in the armature with fewer turns per 
short-circuited eoil, thus reducing both 
the rotational and transformer voltages, 
However, the commutator diameter and 
brush aout more or less limit the number 
of bars, If the bar is too thin, there is 
more of a tendency to loosen at high 
speeds, especially in small commutators, 
The brush span should be 14/4 to 2 bars. 
The minimum thickness of the insulation 
between bars is about 0,018 to 0,020 ineh 
for this type of motor, If the insulation is 
undereut a narrow brush will not follow 
the commutator surface very well and 
will cause chattering and increased spark- 
ing and heat, 

The commutator must be designed and 
manufactured so that at high speeds and 
at running temperatures it will not distort 
its surface or cause high bars, A dif- 
ference of 0,0001 inch between adjacent 
bars will cause poor commutation, Out 
of roundness due to all of the bars moving 
is also not desirable, The surface of the 
commutator should be diamond-turned 
concentric with the bearing surface, The 
bar surface will be more nearly a true are 
conforming to the commutator diameter 
than if ground, Commutators ean be 
built to withstand a surface speed of 5,000 
feet per, minute under normal load con- 
ditions and 15,000 feet per minute at no- 
load, 

Commutators with mica bar insulation 
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for instance are usually undercut. If not 
undercut, the brush, even though having 
good cutting qualities, is liable to cut the 
copper bars below the mica or reduce the 
copper below the mica by the so-called 
electrolytic action, and thus cause the 
brush to hop from mica bar to mica bar 
and to chatter. Poor commutation, 
blackening of the bar surface, and in- 
creased temperature in the commutator 
and brush springs are the results. When 
undercutting the commutator mica bars, 
the depth should not be made greater 
than about 1/32 inch. In most cases this 
will permit less dirt to accumulate and 
that which does will be more easily thrown 
out, thus reducing the chances of short- 
circuiting the bars. All slivers of mica 
along the sides of the bar in the slot should 
be cleaned out, otherwise the brush will 
strike them and bounce, and cause poor 
commutation. 


Comunutators also now are being made 
with paper bar insulation but are limited 
in application as to speed and current. 
The paper may be left flush with the sur- 
face but care must be exercised in ma- 
chining the commutator surface. Special 
grades of brushes are available that per- 
form as well on these as on many undercut 
designs. In the small commutators of all 
types, it is practically impossible to build 
up the commutator without skewing the 
bars. This means that the undercutting 
will require wider slots in order to remove 
all mica. This wider slot causes more 
chattering of the brush. Many tests on 
both undercut mica commutators and 
flush paper bar insulation type commu- 
tators on the same design of motor have 
shown better commutation, and two to 
three times longer brush life with the 
flush paper bar insulation. 


In general, the brush should be of such 
quality that the resistance helps mate- 
tially in reducing the short-circuit current 
but does not cause excessive voltage drop 
at the brushes, cut the mica or paper bar 
insulation when not undercut without 
damaging the oxide film on the commu- 
tator surface, and under either the condi- 
tion of undercut or flush mica or paper 
have minimum friction on the commuta- 
tor surface, shall not chatter, and keep the 
commutator clean without injuring the 
oxide film and be of good mechanical 
strength. 

In some motors the current may be 
high enough to require shunts, or so- 
called pig tails, in the brushes to divert 


the current from the springs, because ex- 


cessive current through the springs will 
anneal them and cause them to ‘‘set”’ and 
become ineffective. In some applications, 
beryllium springs may be used without 
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shunts because they will carry more cur- 
rent safely than a bronze spring, How- 
ever, the loss in the spring should be cal- 
culated and checked with the charac- 
teristics of the wire. 

The brush pressure should be approxi- 
mately 5 pounds, (initial pressure) per 
square inch of brush surface and main- 
tained as near that pressure as possible in 
order to maintain good contact with the 
commutator surface. It is desirable to 
maintain the brush friction loss below 6 
watts per square inch of net commutator 
bar surface, (top surface) in order to pre- 
vent excessive heating of the commutator, 
winding, brushes, and springs, Diffi- 
culty also may be experienced with the 
soldered connections if the brush friction 
is above that value. 

The clearance between the brush and 
brush holder box should be such that the 
brush will not chatter due to too much 
clearance, or have a tendency to stick in 
the box, due to small clearance plus an 
accumulation of carbon dust, It is ad- 
visable to refer to the tolerances estab- 
lished on brushes when setting up toler 
ances for the brush holder box, 


Armature Winding and Running 
Balance 


It is a well known fact that a good run- 
ning balance improves commutation be 
cause it permits the brushes to follow the 
commutator surface, reduces the spark- 
ing. In order to maintain a good running 
balance the armature winding must be 
anchored so that the wires cannot move 
The shaft 
must also be straight and maintained in 
that position when running, 


from their original positions, 


Atmospheric Conditions 


An atmosphere that contains acid, and 
possibly alkali fumes may be detrimental 
to the oxide film on the commutator and 
may cause poor commutation and short 
brush life, Applications under this con- 
dition aré confined mostly to electric 
portable tools and are probably very 
limited, Dust from the air also can cause 
poor commutating conditions, 


Effect of Bearings and Lubrication 
Upon Commutation 


If sleeve-type bearings have too much 
clearance at the start or later because of 
wear, the brushes will not follow the com- 
mutator properly, and poor commutation 
will result, 

Ball bearings with dirt in them cause a 
roughness in running that produces in- 
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creased sparking, This condition can be 
the result of dirt in the bearing when in 
stalled or due to the grease becoming 
deteriorated and carbonized, 


Conclusions 


It has been proved by experience that 
acceptable commutation in universal 
motors can be obtained by the proper ap- 
plication of the 
herein, A great deal can be seen if lay 
outs of the field forms are made and used 


principles explained 


to check calculations, Tests show reason 
able agreements with calculations and 
field forms as shown in the Appendix, 

The transformer voltage is generally 
the major portion of the total short-cir 
cuit voltage in the 
motors ancis the only voltage to contend 
It is 
essential that good design be aupple 
mented with good quality of manutacture 
to produce good commutation, 

The quality of commutation and the 


noneompensated 


with in the compensated motors, 


brush life also depend a great deal upon 
the application, Some applications are 
definitely more detrimental to good com 


mutation and brush life than others, 


Appendix 


The following caleulations of the various 
voltages are for an experimental motor for 
Which field form layouts, Migures 4 and 4, 
and test field forms, Migure 6, were made, 

The interpolar voltage /; is calculated at 
the center of the armature fleld with the 
brushes on electrical neutral, The constant 
C, will vary from 1 to approximately 1,46 
and calculations are shown for both values 
and compared with the values of 4; from the 
field form layouts and test fleld form, Pigures 
4, 4, and 6, with the brushes given a 2-bar 
lag against rotation, 

Maximum values of 22) are shown ag taken 
from Figures 5 and 6, The total resultant 
voltage per brush is an average value, The 
following symbols are used in these onleula- 
tions: 


where By=1,7 L=1,625 


C; =1,0-1,55 n= 2,82 
Q=0,02 P=Q2 

C, 30,74 Ry =150 
D=1,583 S=6,5 
f=60 Sie G 
G=s0,55 T)=20 
T,=1,125 Z=1040 


Ky," 31,09 

Interpolar voltage Ay from equation 8, 
with brushes on electrical neutral; 
R= 
2X3,10 1.125 1040 w & 1,588 x 
1,625 20> 150 
0,552 108 % 

1,65 where C,=1,58 

&, =2,55 volts (where C\ 
= 1,55) 


by ealeulation 


E;=1.65 volts by calculation (where G 
=) 


Voltage E, due to armature end flux from 
equation 9 


1.125 1040 X20 X 150 X4 XX 1.583 X 
ie (0.9+0.035 X 6.5) X 0.92 


2X 108 


e = 0.36 volts 


Voltage Es due to slot flux from equation 
10: 
4X3.19X1.125X1040X20X150X _ 
s= = 1.625{0.74(1.09) +0.54+/2.82} 
108 


E;=1.07 volts 


Total rotational voltage per coil from 
equation 12: 


E, =2.55+0.36+1.07 =3.98 volts 

(where C; = 1.55) 
E,=1.65+0.36+1.07 =3.08 volts 

(where C, = 1.0) 
Ey =3.98 X 1.7 =6.76 volts (where C,=1.55) 
Ey =3.08 X 1.7 =5.24 volts (where C,=1.0) 


Transformer voltage per coil from equa- 
tion 14: 


_ 4.44 51500 20 X60 
. 0.707 X 108 
Er, =3.88 volts 


Er, 


Transformer volts per brush: 
Er, =3.88 X 1.7 =6.58 volts 


Total rotational and transformer voltage 
per coil from equation 16: 


Erc= V (3.88)?+ (3.98)?=5.55 volts 


(where C, =1.55) 


Erc= V (3.88)?+ (3.08)?=4.95 volts 


(where C, = 1.0) 


Total rotational and transformer voltage 
per brush from equation 17: 


Er = V (6.58)2+ (6.76)? =9.45 volts 
(where C, =1.55) 


Er = V (6.58)2+ (5.24)?=8.4 volts 
(where C;=1.0) 


Table I shows a compilation of all values 
of the voltages based on the previously 
calculated values and based on values of E; 
taken from the field form layouts and tests 
per Figures 4, 5, and 6 for two bars lag in 
which case the value or the constant C; =1.0. 


Table | iv 


e ete 
Column 
Column 1 2 3 
Gi 55 1.0 1.0 1.0 
Bogs VOLES eto. ciortvsiels ike les aden OetedoNey = Nagel tects esha ae Poona ee Zig Dogar stag LGB ast arete 0.61 3cyene 0.81 
Bog) WOltSehs taislesiidrechaaker nbide ac votoharete aeee octet miata aterers acento tesa eclnsoo: OVS. 0.36. Ge0 0.36 
Bhs WOME 8 osciaj5, ss ecu on bisa alal laa aos aes Me ea US he's, oat etd LOS cates Opes ee L.O7 Fence 1.07 
Total. volts'per coil; Hos... an) seuin seine oe eos es wien el oleae ngs SVS sci. sn 5 OSaiienres 194) re 2.24 
Total voltsiper brush, 20 emery tert me erections cele ee reat (RGA Sa Ahead Da eet 3.3) eee 3.81 
Transformer volts per coil, Ey... .. 0.62.2. cere ee seen seers SASS ae 3. 88icncn ef 388i. aree 3.88 f 
¥ 
Transformer volts per brush, Byy...----- +2 eee eee e neers jail re bod 6 BB siccwie is 6.58 tenes 6.58 
Total rotational and transformer volts per coil, Eg,...........9.55 4 OS... acre 4.35%). nanan 4.50 
Total rotational and transformer volts per brush, Epy......... Od Ge casi ee Se aRIENe 7 ae eae 7.65 
Estimated short-circuit current per brush.................+.; DO ie ance DOR cr veni 2 24 eae 2.32 
Fill Joad! ‘current.\5i seis eiuctotye ers ele eetontiet taketh refs nrmenoe aed Dobie aces 225% ators 2 2by eee 2.25 


Values are shown based on ; at the center 
of the armature field. 


Column 1=calculated values with C;=1.55 
Column 2=calculated values with C,=1.0 


Column 3=calculated and values from 
Figures 4 and 5 with C,=1.0 
Column 4=calculated and values from 


Figure 6 with C;=1.0 


At the end of Table I are shown estimated 
short-circuit currents based on voltages at 
the center of the armature field. 

Results of the calculations when cor- 
rected to the layouts of the field forms agree 
about as close as can be expected, without 
making very accurate flux plots in the inter- 
polar space, with the test voltage in the 
interpolar space. 

The maximum voltage E; at the left side 
of the commutating zone is 1.35 volts from 
the field form layouts and 1.17 volts approxi- 
mately from the test curve. The calculated 
value with C; =1.0 is 1.65 volts, which is the 
maximum at the center of the armature field. 

Test values of the resultant voltages are 
difficult to get, because of the small size of 
commutator and brushes, and are not very 
reliable. However, the transformer voltage, 
which is the major portion of the result- 
ant voltage, can be accurately computed 
from test saturation curves, for any load. 

The short-circuit current was estimated 
for this design and is shown at the bottom 
of Table I. This current appears high but 
it is doubtful if it builds up to more than a 
small fraction of the estimated value because 
it only takes about 0.0004 second for a com- 
mutator bar of this motor to pass under the 
brush. 

This motor represents about the average 
design of a universal motor, but is not as 
good as those motors with a lower ratio of 
armature to field ampere turns from a com- 
mutation and brush life standpoint, but it 


was relatively good and the brushes would 
probably outlast the equipment for which it 
was built. It is satisfactory for other ap- 
plications requiring similar speed and torque 
characteristics. 
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Discussion 


A. F. Puchstein (The Jeffrey Manufacturing 
Company, Columbus, Ohio): This paper is 
an excellent treatment—one of the few in 
American technical literature. The follow- 
ing comments will be made. More strictly, 
current in the short-circuited coils is deter- 
mined by voltages generated in the coil; re- 
sistances of coil, coil leads, brush material, 
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and brush contact; time of commutation, 
bars under a brush;  self-and mutual-in- 
ductances; and possibly supply frequency. 
The paper assumes that main current, field 
flux, and terminal electromotive force are 
sine functions of time. Hysteresis, satura- 
tion, and commutation cause departures 
which, together with other factors, limit the 
accuracy attainable by calculations. 

For direct current, mathematical ap- 
proaches were attempted around the turn of 
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the century by such men as E, Arnold, G. 
Mie, A. Press, Thorburn Reid, and more 
recently in a paper by F. D. Olney.! For 
alternating current, a comprehensive discus- 
sion was given by Marius La Tour about 
1904,2 for starting conditions. A discussion 
for running conditions was given by the 
present writer in 1943.8 No others seem to 
have appeared. 

Engineering approaches are much more 
numerous. Among them, for direct current, 
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we may cite the work of Hobart, Arnold, 
Punga, Kennedy, Poole, Bewlay, Lamme, 
Senstius, Dreyfus, and Shenfer. For alter- 
nating current (different single-phase and 
polyphase types), the names of Arnold, 
Punga, Ossanna, Iwan Dory, and others 
may be mentioned. 


The speed electromotive force, E;, may be 
negative under certain conditions, as when 
brushes are shifted from the neutral, or if 
the machine is overcompensated. In regard 
to pole, flux distortion, the classical view is 
that reducing distortion improves commuta- 
tion. This is not always true, particularly if 
brushes are on the geometrical neutral. 
Assuming that the main field is strong 
enough to maintain stability, the line cur- 
rent sets up the armature flux whose density 
is B;, of value proportional to and in time 
phase with itself. Looked at in this way, the 
speed electromotive force, E;, for a given 
armature running at a given speed with a 
given current is independent of whether the 
flux distortion under the main poles is small 
or great. Of course, if the brushes are 
shifted from the neutral, the magnetomotive 
force delivered to the commutation zone by 
the field poles combines with that of the 
armature to set up a resultant flux density 
there, which is favorable to commutation. 
It is this resultant which is sensitive to the 
relative values of (air gap + tooth) and 
armature ampere-turns. 

The ratio of series-field to armature am- 
pere-turns recommended, 1/0.7 to 0.8, is the 
same as for standard d-c practice, with 
larger values for 60 cycles (and for larger 
size 25-cycle motors) in order to keep up the 
power factor. To plot the flux distribution 
to be expected at any point in the air gap 
at any point in the cycle (neglecting effects 
of commutation, which, however, are not 
negligible for precise work although we do 
not know how to include them), it is con- 
venient to calculate the saturation curve for 
(one tooth + air gap + pole face). The 
ampere-turns available at any point in the 
gap (arc) are equal to the ampere-turns de- 
livered plus or minus the armature ampere- 
turns, both taken at the point considered. 
The gap flux distribution under load condi- 
tions will change with time as the cycle 
proceeds. An expression for width of com- 
mutation zone of greater generality is 


[Bars covered by brush — 


(1+No. of brush pairs omitted) X 


A ture ‘path 
aaa es = + Coils per bundle + 
Poles 


‘ aXArmature diameter 
Phase difference |X , 
Commutator bars 


where Phase difference 


No. of commutator bars 
Poles 


bundle X Teeth embraced by a coil 


Coils per 


This applies to simplex and multiplex wind- 
ings of either lap or wave type. For cer- 
tain machine-wound coils this zone width 
will be greater. For example, if a 2-pole 
19-slot armature with a diameter of 3.75 
inches has 38 coils, of which coil 1 is in slots 
1 and 11 and coil 2 is in slots 1 and 10, the 
zone will be wider by one tooth pitch. 
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In spite of the work done during these 
many years, we still do not know very ac- 
curately the values to which the factors 
which control the quality of commutation or 
life of parts must be restricted. Assuming 
that the mechanical conditions are correct, 
it would seem that brush and commutator 
life are affected only by such factors as con- 
tact current-density, potential difference 
between bars and brush, temperature, and 
kind of atmosphere. To calculate the first 
two of these accurately is something of a 
problem. The following expressions have 
been set up from ideas suggested by several 
writers for the transformer electromotive 
force between brush tips for simplex lap and 
simplex wave windings: 


. Poles 
Marius La Tour Er, =(Bs+1) ee 
Paths 
i Rese oneutiire ppp 
n- enbur = 5 ——— 
ice cp Pare * Paths “ 
2B?S Poles 


P Er = = 
bearer 2Bs;—1 Paths 


Mr. Packer adopted the second of these 
with poles/paths = 1. 

Adding #, in quadrature to Hr» then gives 
equation 16 of the paper, 


Erp = V Ery? +E? 


He suggests that this be kept below 5 to 7 
volts per brush. This agrees with the fol- 
lowing figures for larger railway traction 
motors, which were given many years ago: 


Behn-Eschenburg, 7 volts. 
Arnold, 5 to 7 volts when stationary, 3 
volts at rated speed. 


Ossanna, 2.5 to 5 volts for heavy work 
(2,000 horsepower). 

Punga states that Er, = 1.84 volts per 
coil with full load torque, and full load flux 
at starting is low enough to permit starting 
with two or three times full load torque with 
complete sparklessness. In an example he 
uses 2.38 volts per coil with two times full 
load torque. For rated load and speed, he 
uses V/1.78? + 1.842 = 2.55 per coil, all for 
a brush are = 1.23 centimeters, segment 
width = 0.33 centimeters, mica thickness 
= (0.08 centimeters. 

Iwan Dory, commutation is good when 
Er,= 2 volts even in the largest sizes. He 
used values at starting up to about 4 volts. 
The highest permissible value when running 
is 5 to 8 volts, but such high values require 
commutating fields, to be regulated in 
several steps. He used reactance voltages 
up to 10.8 volts, neutralized by interpoles. 

Experiments by Liska with direct current 
showed that when circuits free from induct- 
ance are opened, as by brush and commuta- 
tor, sparks begin to form when the voltage 
across the contact reaches 10 to 11 volts. 
His results were lower for metal-to-metal 
and other combinations. Were it not for 
mathematical difficulties, these figures could 
be made the basis of an exact method. At- 
tempts to solve the problem for direct cur- 
rent, when considering speed and rate-of- 
change induced electromotive forces, date 
from before 1905 (Punga). (See also article 
by C. L. Kennedy written in 1907.4) Con- 
tact loss increases with the electromotive 
forces which appear in the short-circuited 
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coils. Punga gave a formula for calculating 
it. La Tour showed that with alternating 
current and motor at rest, a value of the con- 
tact resistance exists for which the contact 
loss due to the resultant main and short- 
circuit current is a minimum. 

While probably given in the original 
papers, more complete definitions of the 
constants C;, C:, and C; would help. Also, 
it would be convenient to have a means to 
calculate the way in which the area under 
curves B, C, D, and E depends on the brush 
position, and a more complete examination 
of the way in which the transformer, speed, 
and induced electromotive forces (due to 
greater proximity of pole “‘shoe’’ iron) vary 
with current and brush position. The dis- 
cussion of the nonmathematical aspects and 
problems is an excellent review. 
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J. H. Karr (Robbins and Myers, Inc., 
Springfield, Ohio): I am particularly inter- 
ested in the contents of Mr. Packer’s paper 
relating to practical considerations such as 
commutator finishing, dynamic balance of 
armatures, bearing types and fits, and their 
effects on the performance of high-speed 
universal motors. The very best and most 
careful design considerations are to no avail 
if any of the little details which affect com- 
mutation are neglected in manufacturing. 
Unfortunately, some of the principal con- 
tributors to poor commutation and short 
brush life are factors which are not too easy 
to evaluate. I am thinking particularly of 
commutator finishing. I have seen some ex- 
amples recently of commutators which 
appeared to be properly finished. An indi- 
cator reading showed no unreasonable out- 
of-round condition or high bars. Yet, for no 
apparent reason, commutation was very 
poor. A light cut taken from the commu- 
tator surface with a carboloy or diamond 
tool when the armature was rotated at high 
speed changed the commutation situation 
completely. 

I spent a number of years in the teaching 
profession and as a part of our preliminary 
design instruction, we devoted some time to 
electric and magnetic field mapping. Conse- 
quently, I was interested in the determina- 
tion of field forms in this paper. My com- 
ment here probably involves an interpreta- 
tion of Mr. Packer’s statements regarding 
field mapping, since he has not actually 
shown such a map. Flux lines are not 
properly located by joining points on the 
pole surface and on the armature surface, 
which are equally spaced except in regions of 
uniform flux density as, for example, directly 
under the pole face. The reluctance of the 
gap at any point along the armature surface 
will be proportional to the length of the 


ili 


flux line at that point. Permeance and, 
therefore, flux or flux density, will be in- 
versely proportional to this length. It 
seems, then, that plotting reciprocals of 
lengths of flux lines should give a plot of 
field flux and not ampere-turns as, for exam- 
ple, is shown in Figure 4 of the paper. 

I accept Mr. Packer’s expressions for rota- 
tional and transformer voltages per coil. 
The latter is quite straightforward, and I 
have used an empirical relation for rota- 
tional voltage which gives values which are 
somewhat lower but of the same order of 
magnitude as Mr. Packer obtains in his 
sample calculations. However, I would like 
to raise two questions in regard to the re- 
sults. First, what is the significance of 
“voltage due to brush span’ obtained by 
multiplying the volts per coil by the actual 
span of the brush measured in terms of com- 
mutator bars? In the example, the brush 
spans 1.7 bars. Actually, the brush short 
circuits one coil for an instant, then two 
coils. 

Second, I would like Mr. Parker to com- 
ment on what he considers are maximum 
acceptable values of volts per coil or volts 
per brush span. Personally, I am a little 
surprised at the magnitude of these voltages. 
How much higher can we work and still ex- 
pect reasonably good commutation and 
brush life, assuming the field-to-armature 
ampere-turn ratio is kept fairly high? 


L. C. Packer: The author appreciates the 
comments and references presented by Mr. 
Puchstein. 

It is quite true that the items mentioned 
by Mr. Puchstein limit the accuracy attain- 
able. Experience with high-speed motors 
has shown that commutation can be affected 
more by mechanical considerations and 
faults than by the variation in the accuracy 
of methods of calculation, The author 
realizes this, and so stated that the methods 
given in the paper were approximate. Al- 
though familiar with the work of the various 
references cited by Mr. Puchstein, the author 
of this paper was trained by Mr. Lamme in 
his methods, which were proved by ten 
years or more of experience prior to the 
publication of his work on commutation 
problems. It is natural that the author 
should follow more closely his experiences. 

While not perfect, the methods cited in 
this paper have been used successfully by 
the author for about 28 years and have 
solved adequately the commutation prob- 
lems that have been encountered with uni- 
versal motors for use on both alternating 
current and direct current. There may be 
better methods that are not known to the 
author. 

What Mr. Puchstein has stated about the 
effect of distortion is quite true. 

In Mr. Puchstein’s formula for the com- 
mutating zone, the ‘number of brushes 
omitted” means zero in a 2-pole motor or 
two if two of the four brushes of a 4-pole 
motor were omitted, and so forth. The coils 
per bundle would be two in the case of two 
commutator bars per slot, in which case 
there would be two coils per slot or two coils 
per bundle. 

Eliminating the mechanical, temperature, 
and atmospheric conditions, it appears to 
the author that limiting the short-circuit 
current to a reasonable-value is the big prob- 
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lem. Limiting the voltage between the bars 
and brush is part of that problem. In 
larger apparatus, there is more space to add 
auxiliary means to help limit the short-cir- 
cuit current, but in small noncompensated 
motors the space is limited, thus making the 
problem more difficult. 


The constant C; depends upon the chord- 
ing and brush span. On these small motors 
the author always has used C; = 1. This 
value may run to 1.5, but on other classes of 
apparatus C; = 1.25 sometimes is used. 
C, = 1 checks very well with tests. 


The constant C, is dependent upon the 
chording. Its effect upon the end winding 
is to reduce slightly the flux density in the 
commutating zone, which results in a slight 
reduction in electromotive force in the com- 
mutating coil. A much greater gain is ob- 
tained by shortening the end turns, thus re- 
ducing the end flux, which varies by the 
term log 2S’/log 2S, plus another gain of 
S’/S, where S = slots per pole and S’ = 
slots spanned by the coil. This paper uses 
only the term S’/S, as the other term repre- 
sents a relatively small value in this type of 
motor. 


The constant C; depends upon the chord- 
ing, brush span, and bars per slot. Refer to 
equation 10 in the paper. 


The author agrees with Mr. Puchstein 
that it would be desirable to be able to calcu- 
late the way in which the areas under the 
curves in Figure 6 of the paper vary with 
brush shift. A future treatise would be de- 
sirable on this problem. While it is not a 
simple problem, it is possible to calculate 
the way in which the transformer, speed, 
and induced electromotive forces (caused by 
greater proximity of the pole shoe iron) vary 
the current and brush position. Mr. Karr 
has brought out several items that are im- 
portant in the design and manufacture of 
commutator-type motors in general. The 
author believes that all designers of commu- 
tator-type motors will agree with Mr. Karr 
that poor commutation and brush life are 
all too often attributed to factors not easily 
evaluated. 


Commutator finishing is one of these 
items. Prior to the time when diamond 
turning was started, the commutators were 
machined by an ordinary steel tool or 
ground. Turning by a steel tool left tool 
marks which wore down the brush until the 
tool marks were worn down. On large 
commutators the surface sometimes was 
stoned to eliminate the tool marks. Grind- 
ing the commutator crowned the bars so 
that the brush hit only the tops of the 
crowns, resulting in poor commutation. 


Diamond turning the commutator surface 
at the proper speed and feed results in a 
smooth surface with a true radius. It also is 
important to finish the commutator surface 
from the same reference as the bearing sur- 
face and armature iron core, so that these 
parts all run concentric with each other. 


It also is essential that the commutator 
bars be tight, so that there will be no moye- 
ment of the bars under running conditions. 
One ten-thousandth of an inch between 
adjacent bars will cause excessive sparking. 
Sometimes the commutation may be poor 
on a motor, and indicator checks as men- 
tioned by Mr. Karr will show no unreason- 
able out-of-round condition or high bars, 
then after a light cut was taken over the 
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surface with a diamond or carboloy tool 
the commutation was improved. Stall 
burrs on the edge of the bars projecting into 
the undercutting often bridge two bars 
when up to speed and cause running short 
circuits between bars or throw out enough 
to be picked up by the brush and cause the 
brush to lift up and cause excessive sparking. 
A light cut over the surface often cuts off 
these burrs. Often there is a condition 
where the bar is high at the outer end and 
low at the rear end. An indicator reading 
at the center of the bar may not show any 
appreciable rise. There have been cases 
where the bar has settled in that position 
and a light cut over the surface would cor- 
rect the condition. 


If the armature shaft is held in a 3-jaw 
collet, for instance, enough pressure may be 
exerted by the tool to spring the jaws 
slightly, causing a surface composed of three 
intersecting arcs instead of a true circular 
surface. This sometimes happens in grind- 
ing shaft surfaces. The difference is slight, 
but can cause trouble at high speeds, Slight 
slivers of mica in an undercut slot can cause 
excessive sparking. A light cut may break 
off the offending slivers. 


Mr. Karr is correct in his idea about plot- 
ting the no-load field form. Since there is 
no saturation at no load, we are dealing only 
with the air-gap ampere-turns required to 
drive the flux across the air gap, therefore 
the author chose to measure the path of the 
flux and convert to ampere-turns. The 
armature ampere-turns then are plotted in 
the proper ratio to the field ampere-turns. 
This method always has seemed to be a good 
starting point. 

When converted to flux, the field forms 
have had very close agreement to test field 
forms. As mentioned in the paper in the 
discussion of Table I, it would be more 
accurate to make a flux plot in the interpolar 
space, in which case the field form should be 
made on a flux basis. 

In regard to the voltage caused by brush 
span, this is the voltage per coil times the 
brush span in terms of bars times poles/- 
paths, and gives the average voltage of all 
the coils while moving through the com- 
mutating zone. 

It is desirable to have 5 to 7 short-circuit 
volts maximum per brush to be sure of get- 
ting good commutation and brush life under 
average conditions, but the author has 
known of a case, as previously published, 
where the short-circuit voltage on 60 cycles 
was about 10 volts per brush and the motor 
was stopped after a run of 5,000 hours with 
an ultimate indicated life of 10,000 hours. 
However, the motor was built very carefully 
with an exceptionally well-balanced arma- 
ture. 

All conditions were ideal. This con- 
dition would be very expensive to maintain 
on a commercial basis. Designing for 5 to 
7 volts per brush allows sufficient leeway in 
manufacturing to meet most commercial 
applications. High-torque motors for porta- 
ble tools and the like pose another problem 
requiring higher ratio of armature to field 
ampere-turns. The voltage per brush will 
be higher than desired, causing shorter 
brush life than in other types of applica- 
tions. | 

The type of application really limits 
the design as far as the short-circuit voltage 
and brush life are concerned. 
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Determination of Generator Stand-by 


Reserve Requirements 


H. T. STRANDRUD 


ASSOCIATE AIEE 


Synopsis: During the past few years there 
has been a trend toward the use of statistics 
of forced (unscheduled) generator outages as 
a basis for calculating the proper amount of 
stand-by reserve generation for a given 
power system. This paper presents a 
method of analysis which was developed to 
fit the needs of a system having a large 
number of generators, but which, it is be- 
lieved, can be used to advantage for small 
systems also. The method is based par- 
tially on previously published results.!:2»3 
This method lends itself readily to calcula- 
tions, involves few approximations, and has 
sufficient flexibility to take account of 
several types of machines having different 
outage factors. Although the discussion is 
confined to generator outages, the method of 
analysis here presented may be used for 
calculation of simultaneous overlap of 
events of other types for which correspond- 
ing assumptions can be made. Examples 
are random outages of transmission lines and 
other types of equipment, random use of 
parallel communication channels, and supply 
of current to a number of items of equip- 
ment, each having a random duty cycle. 
The method is applicable to any situation 
which can be represented on a graph similar 
to Figure 1(A), provided that necessary 
statistical data are available. 


ETERMINATION of the proper 
amount of generator stand-by re- 
serve is an important problem in any 
power system. Too small a reserve would 
reduce system reliability below accept- 
able standards, while an excessively large 
amount of reserve means unnecessary 
plant investment. One suggested cri- 
terion! is that no more reserve should be 
maintained than probably will be needed 
at reasonably frequent intervals. It 
would be unwise, for example, to keep re- 
serves which would be needed on the 
average only once in 75 years. On the 
other hand, reserves hardly could be con- 
sidered adequate if generator outages 
could be expected once every two years to 


exceed the stand-by reserve capacity. 

Selection of generator stand-by re- 
serve capacity on the basis outlined above 
requires a prediction of how often the 
capacity of generators forced out of serv- 
ice can be expected to exceed a specified 
amount. A reserve equal to the mega- 
watt capacity of the largest machine 
(sometimes assumed to be adequate) is 
not necessarily sufficient, because simul- 
taneous outage of two or more machines 
usually can be expected often enough to 
be of importance. The most direct ap- 
proach to this problem would be to assume 
that future multiple outages will occur 
with the same average frequency as in the 
past. However, this approach is not 
satisfactory because: available records 
of multiple outages are, in general, not 
extensive enough to give reliable averages; 
and growth of the power system concerned 
would make obsolete any statistics re- 
garding multiple outages. For these 
reasons it appears that the most reliable 
predictions regarding multiple outages 
can be obtained from probability calcula- 
tions based on statistics of single machine 
outages, a sufficient number of which 
have occurred to be a more reliable start- 
ing point. | 

This paper presents a method of cal- 
culating probable frequency of occurrence 
of forced (unscheduled) outages involving 
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any given generator capacity or more 
and probable duration of these outages. 
Calculations are made for a given mega- 
watt capacity rather than a given number 
of machines because several sizes of 
generators usually are involved. Data 
used for the calculations are statistics of 
average frequency of occurrence and 
average duration of forced outages of in- 
dividual machines. 


Assumptions 


Outages occurring at any time of year 
are assumed to be equally important. 
This assumption is at least partially 
justified by the probable condition that, 
during off-peak seasons, some unused 
generators will be taken out of service for 
scheduled maintenance. It also is as- 
sumed that enough transmission line 
capacity is available to allow supplying 
any particular load from whatever gen- 
erators are available. 


Graphical Outage Records 


Figure 1 is an example of a graphical 
record of outages for a hypothetical sys- 
tem, with the amount of forced outage 
time exaggerated for convenience. 

The system of Figure 1 has eight gen- 
erators. Machine number 1 is rated 5 
megawatts, numbers 2 and 8 are 20 mega- 
watts each, and numbers 4 through 8 are 
each 50 megawatts. In Figure 1(A) the 
history of each machine is shown in a 
separate horizontal space with forced 
outage time shown shaded. Outages of 
Figure 1(A) are totaled in Figures 1(B) 
and 1(C). Figure 1(B) is a graphical out- 
age record showing the number of gen- 
erators on forced outage at any given 
time. More important from an operating 
standpoint is the total rating of machines 
out at a given time, Figure 1(C). Note 
that the greatest megawatt outage does 
not necessarily occur at the time when 
most machines are out. This paper gives 
a method of predicting, for a given power 
system, how often and for how long a time 
(on the average) a graph such as Figure 
1(C) may be expected to rise to a given 
value or to exceed that value. 
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TIME IN YEARS 


(c) MW CAPACITY OF GENERATORS FORCED OUT 


(Same System As In (a) ) 


Figure’ 1. Graphical outage records for a 
power system having eight generators 


by (per cent running time/100) to ob- 
tain T in calendar years. 

Note that the method of calculations 
shown in Table II must be used if dif- 
ferent values of T are used for the various 
sizes of machines. 

In Table I a line is included for each 
combination of values of 7”, 7, and rs 
up to the desired value of ry. Explanation 
of the various columns follows: 


Column 1: Assumed values of r. Use 
consecutive values from zero up to a 
value for which D,,,,,, (column 13) be- 
comes negligible. 


Columns 2, 3, and 4; Assumed values. 
Include all combinations of 7, 7, and 7g 
for which D,,;;, is not negligible. 


= 


= 
+ 
s=75----- 


TOTAL NUMBER OF GENERATORS 
FORCED OUT 


o-N---- 


TIME IN YEARS 
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Minimum interval of r outages 
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Figure 3. 


300 
m= MEGAWATTS 


400 


Generator outage expectancies for a system having all hydro 


generators (preliminary results for Bonneville and Grand Coulee plants) 


Column 5: Calculated from column 1: 
s=n—r (1) 


Columns 6, 7, and 8: Calculated from 
columns 2, 3, and 4: 


AY Ded ( Ciel 6 | (2) 
59=N2—-12 (3) 
S3 =Ng— 1s (4) 


Column 9; Divide each entry in column 
1 by ¢. 


Column 10. Divide each entry in 
column 5 by (72). 
Column 11: Subtract each value in 


column 10 from the value on the same line 
in column 9, 


Figure 2. Graphical outage 
record for a power system 
having n generators 
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Column 12: Pry, is the probability 
that the number of machines out at a 
given time is 7; of size my, 7%, of size me 
and r3; of size ms. The first value in 
column 12 is 


Po = q” (5) 


It usually is necessary to calculate 
Poo by means of logarithms to obtain 
sufficient accuracy. Find other values by 
using the recurrence formulas 


p 
Prtiyrats = aT qs (6) 
Sa 
Pr, (Tobl) ty = a Priv (7) 
and 
ssp 
Prira(rytt) = min ata (8) 
3 


For examples, value of m, 7, and rz 
in the fifth line of Table I are 1, 1, and 0, 
respectively. Pio in line 5 could be cal- 
culated either from the value of Pio) in 
line 2, using equation 7, or from the value 
of Pow in line 38, using equation 6. 


Column 13: Dryryrs is the amount con- 
tributed to Z,,+ (see column 17) by out- 
ages of 71, 7%, and 73, respectively, of the 
three sizes of machines. Multiply values ; 
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EXPECTED INTERVAL IN YEARS BETWEEN STARTS OF 


FORCED OUTAGES INVOLVING m OR MORE MEGAWATTS CAPACI 
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Figure 4. 


m- MEGAWATTS 


from the same line in columns 11 and 
12: 


2 RG 
Durem (E55) Pron (9) 

Column 14; m is the total megawatt 
capacity of machines out in each case, 


given by 
m=nm-+Hrems+rsms (10) 


Column 15; Rearrange values of m in 
order of size. 


Column 16: Copy values of Dy,r.r, in 
order corresponding to the order of 
column 15. 


aes 


GENERATOR NUMBER 


te} T 
TIME IN YEARS 
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Generator outage expectancies for a system having both 
hydro and steam generators 


Column 17: E, 4 is the average num- 
ber of times per year that megawatt 
capacity of simultaneous outages 
creases to a value of m or more. 
tain each value of #,,,, add values of 
Dryryry Corresponding to all values of mega- 
watts equal to or greater than m. A 
check on calculations is provided by the 


fact that /,,, should be zero for m=0. 


in- 
To ob- 


Column 18: 1/En+ is the average in- 
terval in years between starts of occa- 
sions when megawatt capacity of ma- 
chines out of service increases to m mega- 
watts or more, Calculate each value of 
1/E,+ from the value on the same line in 
column 17. 


Figure 6 (left). 

Example of aver- 

age machine his- 
tories 


FORCED OUT 


Figure 7 (right). 
Example of out- 


TOTAL NUMBER OF GENERATORS 


age record to 
aT illustrate equation 
24 
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Figure 5. Generator outage expectancies for northwest power pool 


(preliminary results) 


Column 19: Copy values of Pryryry in 


order corresponding to the order of 


column 15, 


Column 20: Py, is the probability that 
total megawatt capacity of machines out 
at any given time is equal to or greater 
than m, To find each value of P,,4., add 
values of Pyiryry corresponding to all 
values of megawatts equal to or greater 
than m. A check on calculations is pro- 
vided by the fact that P,,, should be 1.00 
for m=0, 


Column 21: ty is the average duration 
of occasions when machine capacity out of 
service is m megawatts or more, Find 
from values on the same line in columns 


0.2 04 06 08 ihe) 
TIME IN YEARS 


TYPE OF deals 
INTERVAL | eicure 2 


5 fh 
eG}et 


17 and 20: 
Pint 


t Mh 
Ems 


(11) 


Calculations can be simplified for cer- 
tain special cases as follows: 


1. If all machines are of the same size (and 
have the same outage factor), omit columns 
15, 16, and 19. Use values of Prior; and 
Dryers Without rearranging. 

2. If duration of multiple outages is not 
required, omit columns 19, 20, and 21. 


3. If one average size and one outage fac- 
tor can be used for all machines, columns 19, 
20, and 21 can be omitted and values of tyy,4 
found from the approximation 


t 
tn+ =~ (12) 
r 


where 7 machines have a total capacity 
of m megawatts. This approximation is 
accurate only if 


See (13) 


can be neglected in comparison with 
1.0. 


Outage Data Not Same for All 
Generators (Table II) 


Table II shows an arrangement of 
calculations for a system in which one 
value of J and one value of ¢ are used for 
all machines in any one group, but dif- 


184 Strandrud—Determination of Stand-by Reserve Generation 


AVERAGE NUMBER PER YEAR 


O----3 Z---------- 


FORCED OUT 
a 


20 


MW CAPACITY OF GENERATORS 


Figure 9 (above). 

Graphical outage record 

showing megawatt ca- 

pacity of generators out 

for a system of n genera- 
tors 


Figure 8 (left). Types of 
outages of order r 


ferent values are used for the three 
groups. Calculations in Table II are the 
same as those in Table I with the follow- 
ing exceptions: 


1. Columns 9 and 10 in Table I are each 
replaced in Table II by three columns 
with self-explanatory headings. 


2. Each value in column 11 of Table II is 
found by subtracting the sum of values on 
the same line in columns 10A, 10B, and 10C 
from the sum of values on the same line in 
columns 9A, 9B, and 9C. 


3. The first value in column 12 is calculated 
from the formula 


Poo = Q1""g2"2qs"8 (14) 


and succeeding values by using one of the 
recurrence formulas 


Sy P, 

P(rnty)rorg = ee (15) 
So po 

Pryry(toH1)ra =F ant cue (16) 
53 ps 

Prire(tsH) 7 peta ae (17) 


As in Table I, each value in column 13 
is found by multiplying values on the 
same line in columns 11 and 12: 


Dryryrs 


Tit? ots Sy S2 S3 
a (arc 2 x 
(: to tg Ty-t Tote 7) 
Pryor, (18) 


Peak of m megawatts (r, tp ,and rs machines We 
of sizes _m,,m,,and m, respectively.). 


M=h M+ BM2+hM3 


TIME IN YEARS 


Short-Cut Calculations for Large 
Systems (Table III) 


Table III shows an abbreviated set of 
calculations for the Northwest Power 
Pool, a large system having 208 genera- 
tors. A complete set of calculations for 
such a large system would be lengthy and, 
usually, unnecessary. Table I indicates 
that about 250 megawatts of reserve (see 
below) would be needed for a system 
which is a component part of the pool 
and which has about 40 per cent of the 
total generation of the pool. Since the 
entire pool would need a larger reserve, 
all machine combinations haying a total 
rating of less than 250 megawatts were 
omitted from Table III. In other re- 
spects, calculations are the same as in 
Table I or Table II. 


Graphs of Results 


Results of the preceding calculations 
which are useful as guides in determining 
the proper amount of reserve for a system 
are: 


1. (1/Em+), the average interval in years 
between starts of forced outages involving m 
or more megawatts of machine capacity. 


2. tm+, the average length in years of out- 
ages involving m or more megawatts of ma- 
chine capacity. 


Figures 3, 4, and 5 show plots of (1/E,, ) 
for two power systems which are members 
of the Northwest Power Pool and for the 
entire pool. In Figure 3 the capacity of 
machines out would be 250 megawatts or 
more once every 14.6 years, on the aver- 
age, indicating that a reserve of 250 mega- 
watts would be needed every 14.6 years 
on the average. Each time it is needed, 
a 250-megawatt reserve would be in use 
for an average of 0.0109 year or four 
days, as indicated by column 21 of Table 
I. Areserve greater than 250 megawatts 
would be needed, on the average, not 
oftener;than once in 158 years. On the 
basis of these figures, 250 megawatts 
would be a reasonable amount of reserve 
capacity for the system of Figure 3. 

s_f 
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\ 
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For the system of Figure 4, 31.3 mega- 
watts would be a reasonable amount of re- 
serve, since it would be used once every 
six years, on the average, while a larger 
reserve would be needed only once in 26 
years. Table II shows that a reserve of 
31.3 megawatts would be needed an aver- 
age of 0.009 year or about three days on 
the occasions when the entire reserve is 
needed.'\ 

For the system of Figure 5, 258 mega- 
watts would be a reasonable reserve 
capacity, since any larger amount would 
be needed only once in 27.2 years. 

Decision regarding how often expected 
outages should be allowed to exceed re- 
serves is a matter that must be decided 
for each system by considering such 
factors as the cost of reserves and the 
possible consequences of dropping load. 
The probable length of outages is of im- 
portance and should be considered in the 
light of how long an interruption of power 
can be tolerated without serious results. 
For some loads an outage of even a few 
minutes would be intolerable, while 
others might be interrupted several hours 
without serious results. If the system in 
question is carrying interruptible loads, an 
outage of several days might not be seri- 
ous. 


Appendix 


_ Derivation of formulas is briefly outlined 
here. For a more complete discussion, see 
reference 7. 


Outages of r or More Generators (E,+) 


An adaptation of Seelye’s! method is used 
here to derive an expression for H;, the 
average (expected) number of occasions per 
year when number of generators out will 
reach 7 or more on a system in which all 
machines have the same outage factor. 
Referring to Figure 2, H;+ is the average 
number per year of occurrences of the type 
shown at EF. 

Outage statistics of single machines are 
the basis for calculating E,+. Necessary 
items of information are ft, the average 
length in years of forced outages, and T, the 
average interval between starts of forced 
outages for any given machine. Figure 6 
illustrates the meaning of J and t¢ona graph 
showing average outage records for a system 
of m machines. Although the outages for 
each machine are spaced at exactly T years, 
telative spacing between the various ma- 
chines is random. 

The probability that r generators out of n 
total are out at a specified instant is 


Pr=Ci"P'¢ (19) 


and the probability that (r—1) generators 
are out from a group of (n—1) generators is 


(20) 
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Consider a particular individual generator 
outage. The probability that this outage 
causes an outage of order 7 is equal to the 
probability that the other (n—1) machines 
have outages combined to make an outage 
of order (y—1) at the time of occurrence of 
the individual outage in question. But the 
probability that the outage in question 
causes an outage of order r is also equal to 
the fraction 


average number per year outages ry or more 


average number per year single outages 


— Er+ 
“Git, @» 


Here the average number per year of indi- 
vidual forced machine outages is (n/T) 
since each of m machines goes out, on the 
average, once in 7 years. 

Equating the above two expressions, 20 
and 21, for the same probability and simpli- 
fying, 


Er = =O," i= “Ce ="P, (22) 
Ti t t 

This is equivalent to a formula given by 

Doane.’ 

Equation 22 tells how often the number of 
machines on forced outage can be expected 
to reach any given number or more. This 
equation can be used directly for calculations 
only in the rare case when all machines on 
the system are the same size. It is used 
below in the derivation of formulas for aver- 
age number of outages involving a given 
machine capacity rather than a given num- 
ber of machines. 


Outages of Exactly r Generators (/,) 


Adler and Miller? have given an expression 
for f;, the average number of times per 
year when number of generators out is ex- 
actly r on a system in which all machines 
have the same outage factor. Their result 
can be written in the form 


(23) 


Equation 23 gives the average number of 
times per year that number of outages is 
exactly 7; or, in other words, the average 
number per year of intervals of the types 
marked A, B, C, and D on Figure 2. 


Relation between E,, and f, 


The preceding expressions for f, and for 
E,+ have been derived by independent 
methods of reasoning. A check is provided 
by the following simple relation between 
the two quantities. 

Figure 7 shows an example of a year’s 
outage record. Dotted lines indicate inter- 
vals when number of outages increases to 
more than (y+1) or decreases to less than 
(r—1). For the case shown, £,;=4, 
Eq+i)+=8, and f,=7. This illustrates the 
general relation 


fr=Er4+Eo4)+ 


whose correctness can be verified by con- 
sidering the geometry of graphical records 
such as Figure 7. Substitution of equations 
22 and 23 into 24 reduces 24 to an identity, 
showing that these expressions for E,+ and 
fr are consistent. 


(24) 
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Separation of f/, into Four Types of 
Interval 


Time intervals when 7 machines are out 
may be classified into four types, A, B, C, 
and D, as shown in Figures 2 and 8. The 
average number per year of each type is as 
follows: 


1. Total of types A, B, C, and D is f, 
by definition. 


2. Total of types A and B is E,;+, since 
all occasions when 7 or more machines are 
out will start with an interval of type A or 
type B. 


3. Total of types C and D is Eqin,, 


since all occasions when (7+1) or more 
machines are out will end with an interval 
of type C or type D. 


4. To find number of outages of type 4, 
note that the number of outages of order r 
ending thus (~]) is Z;+ (since all occasions 
when 7 or more machines are out will end 
with an interval of either type A or type D); 
while the number ending (_]) is Ean, 
(since all occasions when (7+1) or more 
machines are out will start with an interval 
of either type B or type C). Hence, a frac- 
tion (E;+/f,) of all outages of order 7 will 
end thus (~]), and a fraction (E¢,+41)+/fr) of 
all outages of order 7 will end thus (_]}). 
Since outages occur at random, the way an 
interval ends is independent of the way it 
began. The above fractions can then be 
used to divide the total of , + outages start- 
ing thus ([_) into types A and B. Number 
of outages of type A is then 


(25) 


5. Similarly, number of outages of type 
Cis 


Ew Ew Zi 
Bt=( FE ly 4. =( te) Tp (26) 
Sr Sr 


Results are summarized in Figure 8. 
Note that equation 24 is satisfied by the 
breakdown in Figure 8. Also, types B and 
D occur in equal numbers, as they obviously 
must. 

The foregoing expressions give the average 
number per year of occasions when total 
number of machines out (all sizes) will reach 
a peak of 7 machines (equation 25) or a 
minimum interval of r machines (equation 
26). Similar expressions are derived below 
for the number of peaks and minimum 
intervals involving a specified number, 7, 
ro, and rs, respectively, of the three machine 
sizes. 


Simultaneous Outages of Generators of 
Different Sizes 


Part of the outages of 7 generators will 
involve a specified combination 7, 72, and 73 
machines, respectively, of the three sizes. 
Since occurrence of outages is assumed here 
to be independent of generator size, the 
average duration of these outages (of 71, 72, 
and 73 machines, respectively, of the three 
sizes) is the same as the duration found 
previously for the average length of all 
intervals with outages of order r. Hence, 
the average number of times per year that 
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11, Y, and 74 machines of the three sizes are 
out is 


1 

frre (2\Prve (27) 
1 

where 

Prirgy= C18 Cre Cr (28) 


Since outages do not depend on machine 
size, the outages of 1, r, and 7, machines 
(frirgr, in number) are divided into types A, 
B, C, and D (see Figure 8) in the same pro- 
portion that the outages of r machines (fy 
in number) are divided into these types. 
Hence, Comparing with equations 25 and 26, 
the number of outages of type A involving 
r1, Yo, and 7, generators, respectively, of the 
three sizes is 


EB; +.\? 
Baryon (™ Sistas 
r 


and the number of outages of type C involv- 
ing 1, %, and rz generators, respectively, is 


Ey 414+ \" 
Bene ( fr — Sritars 
r 


These expressions are used below in an 
analysis of total megawatt capacity of 
outages. 


(29) 


(30) 


Outages of m or More Megawatt 
Capacity (Em) 


The problem considered in this section is 
that of calculating Hy+, the average num- 
ber per year of occasions when total mega- 
watt rating of generators out equals or 
exceeds any given number of megawatts, m. 
Figure 9 shows a portion of a graphical 
record of total megawatt capacity of genera- 
tors out. This figure is similar to Figure 
1(C), except that Figure 9 is for a system of 
n generators, 

Total megawatt capacity corresponding 
to any combination 7”, 7, and ry of the three 
sizes of generators is 
m=rym,--rems-+ rymy (31) 
Only those values of m corresponding to 
integral values of ™, %, and 7, will be con- 
sidered. Assume that these values have been 
calculated for the system under considera- 
tion and tabulated in numerical order. In 
this tabulation, M will denote the number 
next higher than any selected number, m. 

Assume that yy is known. My will 
include all occasions included in Lm4, ex- 
cept peaks of m megawatts (intervals of type 
A in Figure 9). The number of these peaks 
is Eryryr, (equation 29), 

On the other hand, whenever a minimum 
of m megawatts (such as C in Figure 9) 
occurs, there are two intervals, @) and (4), 
when outages increase to M or more mega- 
watts corresponding to only one interval (1), 
when outages increase to m or more mega- 
watts. The number of intervals of type C 
is Erryry’ (equation 30). 

To find Hm it is thus necessary to add 
Enya, to, and subtract Eryryr,” from Ly 4, or 


Em4= Em 4+ Eryryty— Eris, (32) 
Define 
Dr yryty = Eyrarry Enya (33) 
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Then 


Em af. iy $t+Dryryrs (34) 

An expression for Dr,r,r, that is convenient 
for making calculations is obtained by com- 
bining equations 29, 30, 24, 27, 23, and 22 
in that order with equation 33 and simplify- 
ing. The result is 


‘f 5 
Dy rory a ( = T— Per 


Equations 34 and 35 make it possible to 
find any value of Mm» if the following value 
is known. Since Dryyyr, is negligibly small 
for large values of m, all values of Lm4 can 
be found by suecessive additions of Dryryr,, 
starting with the value corresponding to the 
highest value of m for which Dry, is not 
negligible. It should be remembered that 
equation 35 applies only if all machines 
have the same outage factor. Equation 18 
is used for systems in which the various 
groups of machines have different outage 
factors. 


(35) 


Duration of Outages of m or More 
Megawatt Capacity (f,,,) 


To find Pm, the probability that out- 
ages of m or more megawatts of machine 
capacity exists at any given time, add values 
of Pri, corresponding to all values of 
megawatt capacity equal to or greater than 
mM. 

To find tm+, the average length of inter- 
vals when total megawatt capacity of out- 
ages is m or more, note that 


Probability that m or 
more megawatts are out 
Average length of intervals 
with m or more megawatts out 
Average interval between starts of 
outages of m or more megawatts 


(36) 
or 
bn + 
Pm 4 ai] 2+ (37) 
(J /Em +) 
Hence 
Pm - 
tin 4. = 
sat 2s wii 


Here tm, is the average length of time 
that a reserve of m megawatts would be in 
use on occasions when the entire m mega- 
watts is called into service. Equation 38 
applies to any system, whether or not all 
machines have the same outage factor, 


Systems Having Two or More Outage 
Factors 


In some cases considerable inaccuracy 
would result from assuming that all groups 
of inachines have the same outage factor. 
Hydro and steam generators, for example, 
ordinarily have outage factors that differ 
considerably. For such cases, equation 18 
is used instead of equation 9. Derivation? 
of equation 18 is a generalization of that 
given above for Equation 9. 
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Nomenclature iP 


f, =average number of times per year ‘that 
exactly r forced generator outages 
exist. simultaneously 

Sri, =average number of times per year 
that forced machine outages exist 
consisting of 7, machines of capacity 
m, r, machines of capacity m, and rz 
machines of capacity m, 

m=total megawatt capacity of machines 
that are on forced outage at a given 
time oa 

Mm, My, My, are megawatt capacities of three 
average sizes of machines 

n=total number of machines of all sizes in 
system 

nN, Nx, Ny, are numbers of machines of aver- 
age capacities m, m2, and m,, respec- 
tively 

p=t/T =probability that any particular 
machine is out of service at a speci- 
fied time (when same outage data are 
used for all generators) where tand T 
are defined below 

A= : -, pos A and p,= i are probabilities 

T; T» T 

that any particular generator of size 

Mm, M2, OF My, respectively, is out of 

service at a specified time 
qg=\1—p=probability that any particular 

machine is not out of service at a 

specified time (when same outage 

data are used for all generators) 

qi =] — Pj, Q=l—pr, and g=1—pa are 
probabilities that any particular gen- 
erator of size my, M2, Or my, Tespec- 
tively, is not out of service at a speci- 
fied time 

ry =total number of forced generator outages 
existing at any given time 

‘1, tx vy are numbers of machines of sizes 
m,, Mo, and my, respectively, on foreed 
outage 

s=n—r=total number of machines not on 
forced outage at a given time 

5) =m,—r,=number of machines of size m 
not on forced outage 

52 =N,—r,=number of machines of size mz 
not on forced outage 

53 =,—1r,=number of machines of size m, 
not on forced outage 

=average length in years of forced outages 
of individual generators (when same 
outage data are used for all genera- 
tors) 

hh, 4, and t,=average length in years of 
forced outages of machines of mega- 
watt capacities my, me, and my, respec- 
tively 

lms =average length in years of intervals 
when capacity of generators on forced 
outage totals m or more megawatts 

tp=average length in years of intervals 
when exactly 7 forced generator out- 
ages exist simultaneously 


C/” = Cm =number of possible ways 
Win—r 


that combinations of y items can be 
selected from a total of m items 

Dijyryry = Eryryry— Eras = amount contrib- 
uted to Em, by outages of 7 ma- 
chines of size m, r machines of size 
my, and ry machines of size my 

Ems @average number of times per year 
that total capacity of machines on 
forced outage equals or exceeds m 
megawatts, 


AIEE TRANSACTION: 


‘ 
ra 


: 
‘iz 


; 


Ey+=average number of times per year 
that total capacity of machines on 
forced outage equals or exceeds M 
megawatts. 

E, =average number per year of intervals of 
type A, Figure 2, when r machines 
are out (or, average number per year 
of peaks of order 7) 


E,’ =average number per year of intervals 
of type B or D, Figure 2, when 7 
machines are out 


E,” =average number per year of intervals 
of type C, Figure 2, when r machines 
are out (or, average number per year 
of minimum intervals of order 7) 


E, + =average number of times per year that 
total number of machines out is r 
or more 

Ex,rors=average number of times per year 
that number of forced outages reaches 
a peak composed of 7; machines of 
capacity mm, r2 machines of capacity 
M2, and r; machines of capacity m; 

Enr,; =average number of times per year 
that number of forced outages reaches 


a minimum composed of 7; machines 
of capacity m1, rz machines of ca- 
pacity m2, and r; machines of capacity 
m3 

M=value next larger than m on a tabula- 
tion of possible values of megawatt 
capacities for all possible combina- 
tions of machines 

Pm+=probability that total capacity of 
machines on forced outage is m or 
more megawatts 

P,=probability that total number of ma- 
chines on forced outage at a given 
time is exactly r 

Prr2r3= probability that machines on forced 
outage at a given time consist of 7 
of capacity m1, 72 of capacity ms, and 
rs of capacity ms 

T =average interval in calendar years be- 
tween starts of forced outages of in- 
dividual machines (when same out- 
age data are used for all generators) 

T,, Tz, and T;=average length in calendar 
years between starts of forced outages 
of individual generators of sizes mm, 
m2, and ms, respectively 
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Discussion 


C. W. Watchorn (Pennsylvania Water & 
Power Company, Baltimore, Md.): The 
author has made a valuable contribution to 
the techniques of applying probability 
methods to various types of generating 
capacity problems, particularly certain 
phases of problems involving combined 
hydro- and steam-generating capacity. In 
the event that both the storage capacity and 
the physical capacity available at the hydro 
plants are in excess of the requirements for 
normal operating conditions, such excesses 
are available for use to avert what otherwise 
might be an emergency as the result of 
forced outages of steam-generating capac- 
ity. The extent to which the latter type 
of operation can be utilized depends largely 
on the magnitude, duration, and frequency 
of occurrence of forced outages of the steam- 
generating capacity, the amount of avail- 
able storage, the amount of available physi- 
eal hydro capacity, and the duration and 
frequency of low river flows. The tech- 
niques described by the author are generally 
useful in the determination of the duration 
and frequency of occurrence of forced out- 
ages of various magnitudes of steam-generat- 
ing capacity as,a factor in the determination 
of the extent to which excess physical hydro 
capacity can be utilized to avert emergency 
conditions coincident with forced outages of 
steam-generating capacity. Such operation 
and use is appropriately compared to the 
formerly well-established use of electric 
storage batteries for emergency use on d-c 
systems. 

However, it is not sufficient in capacity 
problems, particularly those involving the 
use of limited hydro storage, to consider 
only the average outage duration such as 
would be obtained from an exact applica- 
tion of the specific techniques described in 
the paper. The vast majority of forced out- 
ages, particularly for the larger magnitudes 
of capacity on forced outage, for which the 
use of hydro storage to avert emergency 


_ conditions is the most effective, are for short 
durations, the major portion of which are 


1951, VoLumE 70 


shorter than the average duration. Table I 
of this discussion, which is based on the 
data given in Figure 1 of the closure of an 
earlier paper by Loane and Watchorn,! 
illustrates these characteristics very clearly. 

However, critical capacity conditions may 
arise when the forced outage durations are 
longer than the average. The determina- 
tion of the probabilities of occurrence of 
such long outages is essential to the correct 
evaluation of the risk of failure to carry the 
load in any appraisal of system capacity re- 
quirements or in any appraisal of the correct 
evaluation of the useful hydro capacity. 
The general methods developed by Mr. 
Strandrud would be very helpful in an ana- 
lytical determination of the various probable 
lengths of time for use of the hydro storage, 
rather than using a conservative (longer 
than average) length of time for hydro 
storage, as was done in the Loane-Watchorn 
paper! for the conditions considered there. 
Such calculations provide the basis for 


Table I. 


determining the potential increases in the 
load-carrying capabilities of the hydro- 
generating capacity in averting emergencies, 
over such capabilities under normal opera- 
tion for various load and river flow or water 
conditions as a factor to be used in the 
evaluation of the risk of failure to carry the 
load. Except for this previously indicated 
use of the techniques described by the au- 
thor, it is not believed that the determina- 
tion of either the average frequency or the 
average duration of forced outages is neces- 
sary in the determination of system installed 
capacity requirements; all that is required 
for this purpose, in so far as forced outages 
are concerned, is the much simpler and more 
significant determination of the probability 
of availability of physical capacity. One 
method of determining this quantity is as 
indicated for the determination of column 
12 of Table I of the paper. The basis for 
the determination of the risk of failure to 
carry the load!~’ is provided by such data, 


Frequency and Duration of Large Capacity Outages (Boilers and Turbines) Based on 


100-Years’ Synthetic Forced Outage Experience for an Actual Steam Electric Generating 
System of about 1,000,000 Kw Capacity in 35 Turbine Units 


Forced Outages of Steam Generating Capacity Equal to 


and Larger than 


| 75 100 125 150 
| megawatts megawatts megawatts megawatts 

Forced outages of all durations 
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in the form shown in either column 19 or 
column 20 of that table and also of Table Wh 
in conjunction with data for the load ad- 
justed for maintenance requirements and 
other capacity reductions, including the 
effect of reduced capacity with high river 
flows and low reservoir elevations and, also, 
with reduced load-carrying capability that 
may be the result of decreased energy 
availability during low water periods (after 
adjustinent for the emergency load-carrying 
capability, if any, of the hydro capacity 
during such low water periods, as generally 
discussed in the preceding paragraphs). It 
is especially important that provision be 
made insuch computations to include in the 
evaluation the effect of reduced load-carry- 
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ing capability of the hydro plants with low 
water conditions. Otherwise, the results 
may be very misleading and may cause at 
least very embarrassing situations, par- 
ticularly where the available hydro capac- 
ity is a substantial portion of the total 
installed capacity, and where the hydro 
energy available from time to time may vary 
over a wide range. In addition, provision 
also should be made in the computations to 
include the effect on the capacity require- 
ments of the load variations that result from 
changes in the general load level with varia- 
tions in business conditions and, also, for 
load variations that result from changes in 
weather and other conditions of a short time 
duration. 
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A Spring Mechanism for Hand Closing 
of Magnetic Power Air Circuit Breakers 


R. C. DICKINSON 


FELLOW AIEE 


Synopsis: Power air circuit breakers cannot 
be closed safely on energized circuits by 
direct manual operation because the force 
and speed required may, in the case of fault 
current, exceed the strength of the operator. 
But in some small installations, manual 
operation is very desirable. A device is here 
described, which stores manual work in a 
spring in easy increments and, when re- 
leased, closes the circuit breaker with proper 
speed and power. 


HEN circuit power breakers are 

applied, the choice of closing method 
is determined ordinarily by the following 
considerations: 


1. The importance of continuity of service 
on the lines fed through the circuit breaker. 


2. Frequency of circuit breaker operation. 


3. Necessity of closing and tripping from 
remote position. 


4. The number of circuit breakers at one 
location. 


5. Power requirements of equipment other 
than circuit breakers in which a common 
supply can be used. 


6. Availability of skilled personnel for main- 
tenance of switching equipment and closing 
power source. 


These considerations usually lead to a 
d-c solenoid mechanism supplied by a 
storage battery, or by a dry metallic 
rectifier, or by a general supply from d-c 
rotating machines. 

However, for many small installations, 


using only one circuit breaker, such as the _ 
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primary circuit breaker for a transformer 
supplying a small factory or office build- 
ing, a storage battery is usually unde- 
sirable because of initial cost, mainte- 
nance, deterioration, and sometimes be- 
cause of space required. In such an in- 
stallation, a dry metallic rectifier would 
ordinarily be supplied by a small auxiliary 
transformer which would have to be con- 
nected to the incoming line ahead of the 
circuit breaker to be closed. Therefore 
the rectifier and auxiliary transformer 
method involves difficulty in metering the 
continuous losses of the transformer and 
additional complication in providing 
fault protection. If no other source of 
electric power is available, the problem 
then arises of how best to close a circuit 
breaker without electric power. 


TORQUE APPLIED BY 
CLOSING SPRING 


TORQUE ON CONTACT ARM 


LOAD OF 
CONTACT SPRINGS 


t (ipl t 
OPEN x T CLOSED 


CONTACT ARM POSITION 
Figure 1. Variation of torque required to 


force contact arm closed, and torque actually 
applied by spring mechanism 


Methods considered and investigated 
include: 


1. Explosive gases driving a piston. 
2. Manually compressed air. 


3. Bottled compressed air or other gas 
acting directly on a piston. 


4. Highly compressed gas acting against a 
liquid which im turn drives a small piston. 


5. A falling weight. 


These methods are undesirable for 
various reasons including possible un- 
availability when needed, mechanical 
complexity, cost, and lack of simplicity in 
what is required of the operator. By 
contrast with these methods, the method 
of storing energy in a spring is very desir- 
able because it gives reliable availability, 
because it will repeat with uniformity, 
and because it may be designed so that 
its operation is simple. A man of moder- 
ate intelligence and strength may operate 
it safely. 


Required Characteristics 


The force, time, and travel charac- 
teristics of any power circuit breaker 
closing mechanism must be visualized in 
terms of the sequence of events that occur 
in closing against a fault current. Figure 
1 illustrates that the closing mechanism 
must supply power first to lift the weight 
of the circuit breaker parts and load the 
accelerating springs, area I. The load of 
the arcing contact springs, area II, then 
appears suddenly when contacts touch 
at T followed a short space further by the 
load of the main current carrying con- 
tacts, area III]. These areas represent 
the energy that must be supplied by the 
closing mechanism when the circuit 
breaker does not close against any fault 
current. 

When the character of the load caused 
by the magnetic forces of the fault current 
is visualized, the time as well as the 
space relationship of events must be con- 
sidered. Regardless of closing speed, 
fault current may begin before the arcing 
contacts touch at 7. The maximum con- 
tact separation at which this can occur 
depends on the crest voltage and the 
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fluid between the contacts. The separa- 
tion will, of course, be larger in air circuit 
breakers than in oil circuit breakers. 
In Figure 1, this point is indicated at X. 
The magnetic blowout forces caused by 
the fault current will rise approximately 
as the expression, [sin(wt—90°)+1]?, al- 
ways reaching peak in approximately 
one-half cycle. Curves A, B, C are 
drawn to show the space-time relation- 
ship of the contact position and blowout 
torque that might exist for three different 
closing speeds. In A, contacts are moving 
slowly relative to the rise of fault current 
and the first crest of the fault current oc- 
curs after the arcing contacts touch but 
shortly before the main contacts touch. 
This means that contacts must make a 
current near maximum for the circuit. 
Also the large, and early peak force at A 


Figure 3. Side view 
of mechanism 


ARCING 


NON-TRIP FREE TRIP FREE 


LINKAGE 


HEXAGONAL 
SHAFT RATCHET 
WHEEL 
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Figure 2 (left). 250 
mva 4.16-kv circuit 
breaker equipped 
with manually 
loaded spring closer 


CONTACTS OPEN 
SPRING UNLOADED 


CONTACTS OPEN 
SPRING LOADED 


(right). 


positions 


Figure 4 
Linkage 


means relatively large decelleration of the 
contact arm. In B, the contacts are 
traveling faster relative to the rise of 
fault current. The crest occurs after 
main contacts touch and the contacts 


MECHANISM 
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CONTACTS CLOSED 
SPRING UNLOADED 


CONTACTS CLOSED 
SPRING LOADED 


touch at a much lower value of current. 
In C, contact speed is still higher and 
current when touching is smaller than in 
Aor B. Note that in B and C, peak forces 
occur after latching. 

In general, the higher the contact speed 
from the beginning of fault current to 
latching, the smaller will be the closing 
force required to counteract magnetic 
blowout force and the smaller will be the 
current when contacts touch. Equally 
important, the shorter the time during 
which the arcing contacts must carry the 
rising current before the main contacts 
engage, the smaller will be the amount of 
burning, and the tendency to weld. 
Similarly the shorter the time from initial 
touch to full pressure on the main con- 
tacts, the smaller will be the damage to 
them. In actual practice, optimum speed 
must be a compromise between burning 
effects and mechanical impact effects. 

The necessary contact speed can easily 
be obtained with closing springs because 
spring force acts almost instantly and the 
ratio of force to mass is high. There is no 
delaying factor such as fluid friction, 
or magnetic lag caused by eddy currents. 
However, if a simple straight line spring 
characteristic were applied direct to a 
contact arm with ordinary mass, the 
spring force at end of travel would have to 
be large enough to push to the latched | 
position against the final loads. This 
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Figure 5. Typical 4.16-kv metalclad equip- 


ment arranged for hand closing. Operator 


loading the spring 


would lead to a beginning spring force 
much too high, and excessive mechanical 
speed and shock. In the actual design of 
a spring mechanism, the linkage between 
the closing spring and the contact arm 
may be arranged so that a relatively low 
force is delivered to the contacts at the 
beginning of the motion and a relatively 
high force at the end of the closing mo- 
tion. Resulting torque curve is shown 
in Figure 1. 


New Manual Spring Mechanism 


Since magnetic power air circuit break- 
ers are practically universally applied in 
this country as part of metalclad switch- 
ing equipment, a manual closing mecha- 
nism should be especially adapted to 
such equipment. In the development of a 
new manual closing mechanism by the 
Westinghouse Electric Corporation, it 
was decided that such a mechanism 
should have the following features of 
adaptation: 


1. Itshould have safety features to prevent 
false operation, jamming, and so forth so 
that little special skill is required to operate 
it. 


2. It should be possible to load the closing 
spring, close the circuit breaker and trip the 
circuit breaker from outside the cell door, 
with the door closed normally, as in the case 
of electrically operated circuit breakers. 


3. There should be visual indication as to 
whether the closing spring is loaded or un- 
loaded, and visual indication of the posi- 
tion of the circuit breaker contacts with the 
cell door normally closed. 


4. It should be possible to close and open 
the circuit breaker contacts slowly under the 
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control of the operator at all times, for in- 
spection and maintenance purposes. 


5. It should not interfere with the stand- 
ardized method of inserting and withdrawing 
the circuit breaker from the metalclad cell. 


6. It should be installed in the same loca- 
tion in the circuit breaker as is the solenoid 
mechanism in electrically operated circuit 
breakers. 


7. It should be suitable for tripping by 
any of the standard methods, such as d-c 
or a-c shunt trip, capacitor trip, current 
transformer trip, undervoltage release, and 
manual trip. 


Figure 2 shows a 4.16-kv 250 mega- 
volt-ampere (mva) magnetic deion power 
air circuit breaker equipped with a new 
manual closing spring mechanism having 
all of the foregoing listed features. The 
closing spring in effect replaces the closing 
coil of the solenoid closing mechanism. 
This spring is compressed by a ratchet 
wheel by means of a lever inserted at the 
top of the control post. The control post 
contains an escutcheon on which are 
the socket for the removable loading 
lever, push plates for releasing the spring 
to close the circuit breaker and for trip- 
ping the circuit breaker, an indicating 
flag to show whether the spring is loaded 
or unloaded, an indicating flag to show 
the circuit breaker contact position, and 
an operation counter. 

Figure 3 shows a side view section of 
the mechanism with the major parts 
labeled. The closing spring pushes 
against the frame of the mechanism on 
the left and against the weight on the 
right. This weight is connected to the 
nontrip free lever through the link and 
reducing lever system, which increases 
the ratio of contact arm force to spring 
force as the system moves toward the 
closed position. The tension link at- 
tached to the reducing lever connects the 
spring-weight system to the control 
mechanism on the left containing the 
cam, with a crank pin to which the ten- 
sion link is attached, and the ratchet 
wheel all attached to the same hexagonal 
shaft. The ratchet wheel contains teeth 
for somewhat more than 180 degrees of 
travel and is driven step by step by the 
driving pawl and held between steps by 
the holding pawl. When the tension link 
and crank pin are turned thus slightly be- 
yond dead center, corresponding to 
maximum spring compression, the cam is 
stopped and held against the spring force 
by the roller latch. To close the circuit 
breaker, this latch is released by move- 
ment of the push plate on the control 
post, not shown. Thus, in closing, the 
cam and ratchet wheel rotate in the same 
direction as when the spring is com- 
pressed. 
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Figure 6. Control post lowered to horizontal 
to facilitate installation or removal of mairi 
barrier assembly 


Since the energy stored in the closing 
spring exceeds the minimum closing re- 
quirements, the surplus energy is ab- 
sorbed by a spring ring bumper, which 
operates in a short stroke by direct me- 
chanical friction. This absorbs the me- 
chanical shock without the use of dashpot, 
valve or other device. 


BS 


Figure 7. Control post raised to vertical so 
that cell door may be closed while drawout 
unit is in test or disconnected position 
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Figure 8. Oscillogram of closing and latching momentary current 


In the spring compressing operation, 
the operator inserts the removable handle 
At this point 
the roller latch can be heard to snap into 


and “‘pumps’’ it 16 strokes. 


place and further operation of the handle 
accomplishes nothing. Thus he knows 
that the circuit breaker is ready to be 
closed. After closing, the spring may be 
reloaded for another closing operation. 
Three safety features are provided in 
this device. One prevents the circuit 
breaker from starting to close when the 
This 


feature results because the angular mo- 


spring is only partly compressed. 


tion of the ratchet wheel and cam is in the 
same direction for compressing the spring 
as it is when the circuit breaker is closing. 
If the “push to close’ plate is pushed 
when compression is only partly com- 
pleted, nothing happens because the cam 
has not yet completed its motion and the 
roller latch has not dropped into posi- 
tion. 

It is possible to compress the closing 
spring while the circuit breaker is in the 
closed position, at any time after the cir- 
cuit breaker is closed. If the “push to 
close’ plate were pushed to release the 
roller latch under this condition, the 
closing spring would be released under 
full power with no load. To prevent this 
condition, a mechanical interlock is pro- 
vided which prevents release of the roller 
latch unless the circuit breaker is in the 


open position 
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with this 
manual closing mechanism are provided 


Drawout. units provided 
with standard mechanical interlocking to 
prevent insertion to, or removal from, the 
connected position unless the circuit 
breaker contacts are in the open position, 
or to prevent closing unless the circuit 
breaker is in one or the other extreme 
positions. The latter feature consists of a 
mechanical blocking arrangement that 
prevents movement of the solenoid core 
and attempted closing stops when the 
If this occurs 


with the spring closing device, the spring 


closing current is cut off. 


is jammed because the spring cannot be 
“cut off’ as in the case of closing current. 
Consequently a simple mechanical in- 
terlock is provided that prevents move- 
ment of the ‘push to close’’ control when 
block would 
complete operation. 


the mechanical prevent 

Figure 5 shows a typical 4.16-kv metal- 
clad equipment assembly with an operator 
loading the spring. The maximum force 
on the loading handle is approximately 
20 pounds. 

As shown in Figure 6, the control post 
may be lowered to the horizontal position 
to facilitate installation and removal of 
the circuit breaker main barrier assembly. 
It also can be raised to the vertical posi- 
tion as shown in Figure 7, to permit the 
drawout unit to be left in the test or dis- 
connected the cell door 


position with 


closed. 


Figure 9. Oscillogram-of a close open operation. 
through a shunt trip coil 
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Application and Test 


This device is designed for application 
on circuit breakers rated 150 mva at 2.3 
kv, 150, and 250 mva at 4.16 kv, 150, 
250, and 500 mva at 13.8kv. The highest 
momentary current rating involved in 
these circuit breaker sizes is 60,000 am- 
peres, in the case of the 4.16-kv 250-mva 
circuit breaker. 
tests have been made using this circuit 

Both close and close-open 
made at various currents 


High power laboratory 


breaker size. 
tests were 

throughout the range. Sample oscillo- 
grams are shown in Figures 8 and 9. 
After five operations at currents in excess 
of rating, the contacts and interrupter 


were in good condition for further use. 


Discussion 


R. L. Webb (Consolidated Edison Company, 
New York, N.Y.): It will be interesting to 
some to know that the development of 
manually charged closing mechanisms was 
initiated several years ago in the EEI- 
AEIC-NEMA Joint Committee on Power 
Circuit Breakers. 

At that time the NEMA members ad- 
vised that for reasons of safety, small oil 
circuit breakers applied on circuits where the 
short-circuit current is 12,500 amperes or 
more should not be closed by hand and that 
magnetic power air circuit breakers should 
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never be closed manually on a live circuit. 

The needs of the industry came in for con- 
siderable discussion, and out of this discus- 
sion came the committee recommendation 
that the manufacturers should develop 
manually charged closing devices for mag- 
netic power air circuit breakers, without 
delay, since it was expected that the use of 
this type of circuit breaker soon would pre- 
dominate. It was felt that there would 
undo btedly be a number of installations 
where such circuit breakers are closed infre- 
quently and where maintenance of some 
conventional closing power source would be 
too costly and therefore undesirable. 

It is interesting to see this design of a 
manually charged spring-closing device de- 
seribed by Messrs. Dickinson and Findley. 
It is understood that other manufacturers 
of power air circuit breakers either have 
completed or have under development a 
device which will do the same job with their 
circuit breakers. 

It is believed that these developments fill 
a definite need in the industry for certain 
types of circuit breaker installations. 


O. B. Vikoren (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The authors are 
to be congratulated on their success in hav- 
ing developed a spring mechanism which in 
certain applications not only takes the 
place of a solenoid mechanism but does so 
without increasing the over-all dimensions 
of the equipment with which it is associated, 
or presumably without sacrificing any of the 
safety features particularly required in 
metal-clad switchgear. 

While the basic principle of the mechanism 
is covered clearly in the paper, it is unfortu- 
nate that the authors have not gone into a 
little more detail on some of the points which 
make the device rather intriguing. We 
have in mind particularly the steps which 
must be taken to raise the control post to 
the vertical position or lower it to the 
horizontal position. When we realize that 
this post carries all the control, including an 
operation counter, the following questions 
logically arise: 


1, Can the control post be raised and lowered 
without any major disconnecting operation of the 
controls? 


2. Will the moving of the control post in any way 
prevent the mechanical interlock, which the authors 
described in the section on the ‘New Manual 
Spring Operation,”’ from functioning, whereby a 
loaded mechanism would release its full power with 
no load? 


3. Assuming that the metal-clad circuit breaker is 
closed in the operating position and the spring 
mechanism has been reloaded subsequent to the 
last closing operation, is it possible to move the 
circuit breaker to the test position without unload- 
ing the mechanism? If not, it appears to be neces- 
sary to trip, reclose, and again trip the circuit 
breaker before it can be moved to the test position, 


The paragraph which precedes the discus- 
sion of Figure 5 refers to a standard inter- 


locking device used in metal-clad switch- 
gear. It is believed that in the beginning of 
this paragraph the authors have in mind the 
interlock used on a solenoid-operated cir- 
cuit breaker and later on they want to 
emphasize the difference between the inter- 
lock used on a solenoid mechanism and that 
used on a spring mechanism. This point 
could bear some clarification, 

No doubt the authors have taken into 
account the items discussed herein, and 
perhaps the brevity of the paper is respon- 
sible for the raising of these points. Based 
on the assumption that the device meets all 
safety requirements, the paper covers a 
development which the industry has been 
looking forward to for a long time. 


K. G. Darrow (General Electric Company, 
Philadelphia, Pa.): The authors are to be 
congratulated on their contribution to the 
fulfillment of the limited but very real need 
for stored-energy closing devices for medium- 
voltage oilless circuit breakers. It was just 
two years ago that a paper describing “A 
Manually-Operated Spring Mechanism for 
Medium Voltage Oilless Circuit Breakers” 
was presented before the Institute by B. W. 
Wyman and E, J. Casey.'! Several of the 
mechanisms described therein are already 
in service, These authors, too, investigated 
and compared various stored-energy mecha- 
nisms, such as a piston driven by gun- 
powder or high-pressure bottled gas and 
spring drives. It is interesting to note that 
this subsequent investigation by Messrs. 
Dickinson and Findley compared these 
stored-energy mechanisms, as well as some 
additional ones, and reached the same basic 
conclusion, that of employing a spring as the 
energy-storage medium. In addition, both 
have recognized the desirability of using a 
mass with the spring in order to obtain the 
desired operating characteristics. The im- 
portance of the manner in which the mass is 
employed cannot be overemphasized for this 
reason, Closing devices for circuit breakers 
must deliver sufficient energy to close 
against the high magnetic forces of the 
momentary-rating current, However, the 
majority of circuit breaker closings are not 
against faults. Therefore, the problem of 
absorbing the excess energy delivered in 
order to prevent mechanical shock is an im- 
portant factor in the design, This appar- 
ently has been recognized by the authors, 
who have employed a ring-spring buffer to 
absorb the excess energy, a device generally 
used where relatively large amounts of 
energy must be absorbed within a short 
stroke, It implies that considerable energy 
must be absorbed in this device at the end of 
the closing motion, with the resulting possi- 
bility of mechanical shock. ‘This, of course, 
is not a problem where a rotating mass is 
used, since no matter how high a force is 
delivered at the end of the closing stroke the 
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excess energy is restored in the spring by 
the rotating mass without mechanical 
shock. 

The authors appear to have made a partic- 
ular point of analyzing the effects of velocity 
and momentary forces, There is some indi- 
sation that they are depending primarily on 
velocity for the closing force. Is the circuit 
breaker closing speed higher with the spring 
mechanism than it is with the standard 
solenoid operator? 
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R. C. Dickinson and J.D. Findley: The au- 
thors are grateful for the ideas contributed 
by the discussers. Mr, Darrow asks about 
closing speed, On the closing tests for which 
oscillograms were shown, moving contact 
velocity at instant arcing contacts touch was 
approximately 20 per cent higher than cer- 
tain solenoid-operated circuit breakers which 
are operated more frequently, The higher 
speed was chosen because circuit breakers 
on which this mechanism is used will be 
operated very infrequently. Mr. Vikoren 
asks about the control post. To move the 
control post from the normal 45-degree 
position to vertical or horizontal, two clamp 
screws are removed, The controls are not 
operative in the vertical or horizontal 
position, but they are not disconnected, 
When the post is returned to 45-degree 
position, the controls again are immediately 
operative, The main pump handle tension 
link flexible knuckle between the 
split pivots of the control post. The trip- 
and-close controls operate through com- 
pression rods guided within the post. When 
the post moves away from 45 degree posi- 
tion, the lower ends of these rods simply 
move away from the tabs they normally 
push, The indicators and operation counter 
are moved with flexible wires. Hence, the 
answer to Mr. Vikoren’s question | is yes, 
In reply to his question 2, the interlock re- 
mains in effect against any accidental opera- 
tion of the control tab, It would, of course, 
be possible to poke a rod deliberately into 
the mechanism and knock off the latch, 
In reply to Mr, Vikoren’s question 8, it 
would be necessary to trip the circuit 
breaker only once before moving the circuit 
breaker out from operating to test position, 
The closing spring may remain charged 
while moving the circuit breaker, Further 
answering Mr, Vikoren, the authors meant 
to explain that the spring mechanism has an 
additional mechanical interlock which stops 


has a 


motion of the “Push to Close’ control 
whenever the standard interlock (with 
which all drawout circuit breakers are 


equipped) is blocking the contact linkage 
from closing. 
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A Per-Unit Interpretation of Transmission 


Line Constants 


D. J. POVEJSIL 


ASSOCIATE AIEE 


HIS paper covers a powerful concept 
T:: the application of the per-unit 
method to transmission line constants. 
It results in a completely general set of 
constants which can be applied to any 
practical overhead electric power trans 
mission line with great accuracy. This is 
brought about by the fact that the ratio 
of series inductive reactance per mile (x) 
to the shunt capacitive reactance per mile 
(x’) is, for all practical purposes, a con- 
stant. The generalized line constants are 
presented in the form of a group of curves 
from which the impedances of any over- 
head transmission line can be found with 
a minimum of effort and opportunity for 
error. 

The power engineer finds himself in- 
creasingly confronted with the problem of 
obtaining accurate constants for long 
transmission lines for the following 
reasons: 


1. The number of long, high-voltage trans- 
mission lines continue to increase. 

2. For economic reasons, transmission 
lines are operated at the highest possible 
loadings with the resultant narrowing of 
stability margins. 

3. In the case of many interconnections 
between large systems, terminal impedances 
are small with respect to line impedances. 
4. Asa result of (2) and (3), the constants 
of the transmission line have become a 


major factor in the determination of system 
performance. 


The calculation of line constants by 
hyperbolic functions is a task which is 
time consuming and easily subject to 
mechanical error. In 1926, Clarke! pre- 
sented a group of curves which eliminated 
much of the drudgery entailed in the cal- 
culation of those constants. This paper 
presents a different approach to this 
problem which results in defining trans- 


194. Povejsil, Johnson—Transmission Line Constants 


A. A. JOHNSON 


FELLOW AIEE 


mission line constants in per-unit terms, 
Thus, the per-unit method which has 
proved so useful in the definition of the 
constants of such terminal equipment as 
generators and transformers is extended 
to the constants of transmission lines. 


Representation of the Transmission 
Line 


The four most common methods of rep- 
resenting a transmission line for single 
frequency calculations are as follows: 

1. ABCD constants 

2. Equivalent r 

3. Equivalent 7° 

4. Driving point and transfer impedances 


Although any of the four systems could 
have been used in this paper, the use of 
ABCD constants is most suitable for the 
following reasons: 


1. The analytical expressions for these 
constants can be easily generalized and 
plotted in curve form. 


2. The simplicity of obtaining the con- 
stants from the generalized curves. 


3. The ease with which these constants can 
be combined with terminal impedances to 
form the overall system constants. 


4, The check resulting from the fact that 
AD—BC=1. 


The ABCD constants of a transmission 
line are expressed in terms of the line 
parameters as shown in equations 1, 2, 
3, and 4, 


Paper 51-26, recommended by the AINE Transmis- 
sion and Distribution Committee and approved by 
the ATEE Technical Program Committee for presen- 
tation at the AINE Winter General Meeting, New 
York, N. Y., January 22-26, 1951. Manuseript 
submitted October 25, 1950; made available for 
printing November 21, 1950, 
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A = cosh E \" y-15] 
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volts per volt (1) 


B= V(r-+jx)(—jx') x 


sinh \" y-14.] ohm (2) 


1{ 
A AN \—jx’) - 
hips: fas: | mhos (3) 
D=A (4) 


where 


yeseries resistance in ohms per mile 

x=series inductive reactance in ohms per 
mile 

«’=shunt capacitive reactance in ohms per 
mile 

Seline length in miles 


Each of these constants is a complex 
quantity which can be expressed in the 
following form: 


A=A,-+- jAy volts per volt (5) 
B=B,-+- 7B, ohms (6) 
C=Ci+ jC, mhos (7) 
D=A (8) 


Shunt and Series Reactances of a 
Transmission Line 


The primary part of the basic equa- 
tions for consideration is the quantity, 
V x/x’. To illustrate the fundamental 
nature of this quotient, it can be rewritten 
as follows: 


{i-Vie = = (9) 
x 


AK V 
where 
w= Qarf 
v =velocity of propagation = —— 


Since the velocity of propagation is ap- 
proximately equal to the speed of light for 
all overhead transmission lines, it follows 
that the quantity, V «/«’, will be very 
nearly constant for all overhead transmis- 
sion lines. 

In order to determine the precise nature 
of the variation of the parameter, V x/x! : 
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Figure 1 (left), Per- 
missible loading of 
straight-away — trans- 
mission lines as a 
function of — line 
length in miles for 
voltages from 69 kv 
to 500 kv 


Figure 2 (right). 
Surge impedance of 
overhead — transmis- 
sion lines as a func- 
tion of line inductive 
reactance per mile 
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Figure 3. The transmission line A, constant as a function of line length in miles 
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Figure 4. The trans- 

mission line Ap» 

constant as a func- 

tion of line length 
in miles 
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with respect to conductor size, type, and 
spacing, this factor was calculated for a 
considerable number of existing lines, in 
voltage classes from 69 kv to 230 kv, using 
stranded copper or steel-reinforced alu- 
minum cables. The maximum value of 
this quantity was found to be 2.07 X107% 
and the minimum value 2.05X107%. 
(The maximum value is associated with 
7-strand copper conductor on a 69-ky 
line and the minimum value with a large 
steel-reinforced aluminum cable on a 
230-kv line.) Therefore, on the basis 


250 
LINE LENGTH IN MILES 


of this study, a value of 2.06X10~% was 
assigned to this quantity with a resultant 
error of less than 1/2 of 1 per cent for 
stranded copper and steel-reinforced alu- 
minum cables. This conclusion is veri- 
fied analytically in Appendix I. 

The importance of this fact cannot be 
over-emphasized because it establishes 
a basic point of similarity between all 
overhead transmission lines regardless of 
voltage, spacing, and conductor size. To 
a large extent, this ratio is also independ- 
ent of the type of conductor. Therefore, 
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ciahssele = el ag 
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the line constants, ABCD, are reduced to 
functions of length, 7/x ratio, and surge 
impedance, 


Surge Impedance and Surge 
Impedance Loading 


By classical definition, the surge im- 
pedance of a transmission line is 


Z/é = V(r-+ix)l —jx’) ohms 


where 


(10) 


Z)=magnitude of surge impedance 
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Figure 6. The trans- 
_ mission line B, con- 
stant in per unit of 
Zo as a function of 
line length in miles 
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Neglecting the effect of resistance, this 
relation becomes 


iy id 
Zl = 9 ohms 


From equation 11, it can be seen that 
the surge impedance is independent of 
frequency and line length. 

A physical interpretation of surge im- 
pedance which is of use to the power engi- 
neer is as follows: Neglecting line re- 
sistance, if a line of any length is ter- 
minated in a resistance equal to its surge 
impedance, the magnitudes of the volt- 
ages at the sending and receiving ends 
are the same and the sending and re- 
ceiving end power factors are unity. By 
this definition, the surge impedance load- 
ing (SJL) of a line can be written 


(11) 


ky? 
SIL =— megawatts (12) 
Zo 


Based on voltage conditions at each end 


4 iaaty 
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of the line, surge impedance loading is a 
very desirable type of loading. How- 
ever, it does not take into account the 
factors of line length, terminal imped- 
ances, and stability. The results of an 
investigation by S. B. Griscom? of the 
effect of these factors on allowable line 
loadings is reproduced in Figure 1. This 
curve shows allowable line loadings as a 
function of line length. For the case of a 
long interconnection between two large 
systems where terminal impedances can 
be neglected and losses rather than stabil- 
ity become the limiting factor, the values 
shown on Figure 1 are conservative. 

An examination of Figure 1 shows that 
for long lines, permissible loadings are in 
the general neighborhood of one times the 
SIL of the line. This fact suggests that 
the surge impedance loading (in kw) of a 
line can be used as the base kilovolt-am- 
peres of the line in the same sense that the 
nameplate rating of a transformer is used 
as the base kilovolt-amperes of the trans- 
former. Likewise, the surge impedance 
Zo can be considered to be the base ohmic 
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impedance of the line from which the SJL 
kilovolt-ampere base is established once 
the line voltage is known, equation 11. 

The advantages of such a per-unit 
system are manifold. Of primary im- 
portance is the resulting generalization of 
the ABCD constants. When these con- 
stants are expressed in per unit of surge 
impedance, they become 


A=A per unit 

=coss| 200x105 9-147" (13) 
ie per unit 
Zo oe 

2 ; sint{ (2.00 %10-9).549|- 1+j |} Is 


(14) 
CZ) =C per unit 


= | sint] (2.06% 10-*)S —14+j 4 t (ees 


(15) 
D=D per unit=A (16) 


Thus, a set of constants is produced 
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which is dependent upon line length and 
r/xratio. Curves can be plotted with r/x 


as a parameter showing the variation of © 


the line constants with line length. These 
curves (Figures 3 to 8) can be used to de- 
termine the 60-cycle characteristics of any 
practical copper, stranded copper, or 
steel-reinforced aluminum cable line re- 
gardless of conductor size, spacing, oper- 
ating voltage, or surge impedance. As 
will be explained later, the use of these 
curves-ean be extended to other fre- 
quencies and other types of conductors by 
the use of the proper conversion factors. 
A second advantage of this per-unit 
system becomes apparent in the solution 
of problems of power flow over long lines. 
The constants of the line often represent 
the major impedances in problems of this 
sort. Therefore, it can be seen that a per- 
unit system based upon line capability 
represents a more realistic approach since 
the results may be interpreted immedi- 
_ately in terms of total line capability by 
means of Figure 1. 


Application of Curves 


The per-unit ABCD constants of a 60- 
cycle line can be found from the curves 
shown in Figures 2 to 8 in the following 
manner: 


1. Obtain y and x for line from conventional 
tables. 


2. Calculate r/x. 
3. Obtain the value of surge impedance 
from Figure 2. 


4. Enter Figures 3 to 8 with line length and 
r/x ratio and read the per-unit constants A,, 
As, By, Bo, Cy, and Cy. 


Thus, a set of constants which are ex- 
pressed in per unit of surge impedance 
is obtained. If desired, these constants 
can be put on an ohmic basis by multiply- 
ing B, (per unit) and By (per unit) by Zp 


and dividing C, (per unit) and C, (per 
unit) by Zo. The A and D constants can 
be used as read from the curves since they 
are the same on either per-unit or ohmic 
bases. An example showing the manner 
in which these curves can be used to solve 
a typical power transfer problem is given 
in Appendix II. 


Correction Factor for Frequency 


The curves of Figures 3 to 8 can be ap- 
plied to a frequency other than 60 cycles 
by using the following relationship to ob- 
tain an effective 60-cycle Jength with 
which to enter the curves. 


(17) 


where 


S=actual line length in miles 

f=frequency in cycles per second 

S’=effective line length in miles referred to 
60 cycles for use on Figures 3 to 8. 


However, in calculating the 7/x ratio, 
the line resistance and reactance based on 
the actual frequency must be used. The 
resistances and reactances based on actual 
frequency also should be used to calculate 
the surge impedance, Zo, by means of 
equation (10). 


Correction Factor for Type of 
Conductor 


In order to apply these curves to other 
than stranded copper and steel-reinforced 
aluminum cables, the following pro- 
cedure should be followed for a 60-cycle 
line: 

1. Calculate Vx /x!, 


2. Calculate \: 
Shee aS 


2.06 X 1078 


a 
where /) 
S=actual line length in miles - 


S’=effective line length in miles for use on 
Figures 3 to 8. 


3. Enter curves with S’ to obtain line 
constants. 

For a frequency other than 60 cycles, 
the correction for frequency must be ap- 
plied, as indicated in the previous sec- 
tion, in order to use the curves in this 
paper. 

For the case of hollow copper conduc- 
tors, accuracies within 1/2 of 1 per cent 
can be achieved by multiplying the actual 
line length by 0.985 to obtain an effective 
line length with which to enter the curves. 


Summary and Conclusions 


The following conclusions can be drawn 
from this work: 

1. The square root of the ratio of in- 
ductive to capacitive reactance (Vx/x") 
is essentially constant for practical trans- 
mission lines. 

2. There is considerable justification 
for a per-unit system based upon surge 
impedance loading (SJL). First of all, 
the use of this per-unit system results in 
making the line constants of any prac- 
tical transmission line virtually inde- 
pendent of voltage, spacing, and type of 
conductor except insofar as these factors 
affect the r/x ratio. Secondly, in the case 
of long lines, the surge impedance loading 
is approximately equal to the maximum 
capability of the line, Figure 1. 

3. Because of conclusions 1 and 2, the 
ABCD constants of any practical trans- 
mission line can be determined easily and 
accurately from a relatively small num- 
ber of curves. -These constants are es- 
pecially useful for calculations involving 
the determination of real and reactive 
power flow over a long transmission line 
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Figure 7. The trans- 
mission line C, con- 
stant in per unit of 
Z, as @ function of 
line length in miles 
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Figure 8.° The trans- 
mission line C, con- 
stant in per unit of 
Z) as a function of 


line length in miles 
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by formulae or circle diagrams. In ad- 
dition, these constants can be used in the 
positive and negative sequence diagrams 
for calculations involving unbalanced 
conditions. 


Dependence of 
Vx/x' on Conductor Type and 
Spacing 


The expression for the series reactance of 
a transmission line consisting of solid circu- 
lar non-magnetic conductors is 


* =0.0303 +-0.2794 logiy D/r ohm per mile 
(18) 
where 


0.0803 is the reactance associated with flux 
internal to the conductor 

0.2794 logio D/r is the reactance associated 
with flux external to the conductor 


Using the same nomenclature, the ex- 
pression for the shunt reactance of an over- 
head line is 


x’ =0.0683 log; D/r ohm-miles (19) 


nd 
Cc 


150 


250 
LINE LENGTH IN MILES 


The square root of the quotient of equa- 
tions 18 and 19 is then 


\" 0.444 + 4.09 ile (20) 
== 09 per m 
x logio D/r og Sapa 


An examination of this expression shows 
that the only term which can be affected by 
the type of conductor is the quantity, 0.444, 
which is based on a solid, circular, non- 
magnetic conductor. An examination of the 
geometry, of conductor types shows that this 
factor will be slightly higher than 0.444 
for a stranded copper conductor, slightly 
lower for steel-reinforced aluminum con- 
ductors, and considerably lower for hollow 
copper conductors. 

However, since logio D/r has a value of 
greater than two in practical transmission 
circuits, the effect of changes of internal in- 
ductance upon the magnitude of Vx]! is 
negligible except in the case of hollow cop- 
per conductors. For this case, the value of 


WV x /20! may be from 1 to 2 per cent below 


the value obtained for copper, stranded 
copper, and steel-reinforeed aluminum 
cable. 

The other factor which can affect this 
ratio is conductor spacing. However, since 
logio D/r is essentially constant for overhead 
lines and since this factor acts upon the 


smaller term of V x/x’, the effect of spacing 
is negligible, 


Appendix Il 


Problem: Find the radii and centers of 
the sending and receiving end circles for the 
system of Figure 9. 


1. From conventional tables, r=0.1288 
at 50 degrees centigrade, and x =0.8117. 

2. +/*%=0.158. 

3. From Figure 2 Z)=395 ohms. 

4. From Figures 3 to 8, the per-unit 


75,000 KVA 70,000 KVA 
66/220 220/66 
X=8% X=9% 


Figure 9. Single-line diagram 
for example in Appendix Il 


Es= | 
72.6 KV/9) 
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250 MILE-795,000ACSR 
30 FT EQUIV SPACING 


values of the line constants are: 


A, 0,871 = D, 
Ay = 0.0195 = Dy 
B, = 0,074 

By 0,490 

Ci = —0,0081 
Cy 0,495 


_ (22())* 
395 


Sending end transformer impedance on 


6, SIL = 122.5 megawatts 


122.5 
= 
75 
Receiving end transformer impedance on 


per unit of STL X ty (0,08) «7 0.1805 


cof Sthw i wack 
per unit of SLL = X py = 

70 
(lor simplicity, transformer resistances were 
neglected.) The over-all ABCD constants 


are: 


‘ 
°(0,09) =j 0.1575 


A,’ (A, - X ty Cy) 0,806 
Ay! = (Aye X iy C,) 0.0199 


Discussion 


R. M. Butler (General Mleetrie Company, 
Schenectady, N. ¥.): Although the appli 
cation of the per-unit concept is not new in 
the solution of transmission line problems, 
this paper presents a valuable new approach 
which further reduces the effort required in 
solving long distanee transmission power 
flow problems, 

One approach to the per-unit system, used 
by many engineers has been to resolve a 
transmission line into an equivalent wm or T 
using a constant value of 0.4% olin per mile 
series reactance and §,2 micrombhos per mile 
shunt admittance, These values are ap 
proximately correct for lines of 69 ky and 
above, The equivalent m or T is then re 
solved into perunit form by letting base 
ohms equal an approximate value of the 
surge impedance (Zo), This approximate 
value is generally assumed to be a pure resist 
ance Of 400 ohms. Hyperbolic correetion 
factors are then applied to eorreet for dis 
tanee, Base kilovolt-amperes would then 
be equal to 1000 kv?/ Zo or 2.5 kv*, In this 
way, voltage has been eliminated as a vari 
able in the expression for per unit Z and Y, 
However, this method still tends to be la 
hborious and does not have the inherent 
aceuriey and complete independence of 
voltage as the method proposed by the 
mithors, As stated in the paper, an assump 
tion that the VZ Y is a constant is mueh 
more correct than assuming that the Z and 
Y of the Jine individually are constant 
values, This fact was actually recognized 
by Clarke in 1926, see reference 1 of the 
paper. Tlowever, further simplification is 
possible, as sugested by the authors, by 
letting base ohms always equal the exact 
surge impedance of the line, then the per 
unit line parameters are simply hyperbolic 
functions of ZY and may be plotted in 
convenient form, 

The authors state that the best way to 
present these hyperbolic functions of V/V ZY 
is in the form of the ABCD constants, Al- 
though the ABCD constant method is a 
perfectly acceptable and widely used 
method, it can be shown, however, that the 
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By! = By~ Axl Xis+-X tr) — Ci XX) =0.069 

Bom Bot-A\ X y+ X tr) — Cl X ty X 7) = 0.781 
{= —0,0031 

Cy, = 0,495 

D,! =D, — XyC, =0.792 

Dy! = Dat X Cy =0,0199 


A/@ = (),806-+-7 0.0199 =0,.806/1.4° per unit 
B/B =0),.069-+ j 0.731 =0.786/84.8° per unit 
D/b =0),792-+-j 0.0199 =0.792/1.4° per unit 
E,(per unit) =1.0 


DE? 
Center of sending circle = ar /p=h 


Ei, (per unit) =1.1; 


=1,30 /83.4° per 
unit 


A E,? 
Center of receiving circle = = /180 +B — ox 


= 1,09/ —96.6° 


per unit 


use of the per unit A BCD constants method 
is not necessarily the most suitable. The 
per-unit driving point and transfer imped- 
ances could have been plotted just as con- 
veniently as the A BCD constants using the 
per-unit system suggested in the paper. 
Vor instance, for a transmission line: 
The per-unit driving point impedances 


, - —~ Bconstant 
Z;/0\, or 21/9, =tanha/ zy = Soars 
: A constant 


The per-unit transfer impedances 
Z12/9 12 oy Zo, /On™ sinh Vz y = B constant 


By plotting the driving point and transfer 
impedances against distanee, only four 
graphs would have been necessary, one each 
for Zi, Zi, 0, and Oy. These impedances 
may then be used directly in the power and 
reactive flow equations or to obtain the 
circle diagram coordinates. 

The over-all driving point and transfer 
impedances of a line including terminal 
transformers can be determined using the 
same per-unit system as suggested in the 
paper with no more effort than that dis- 
played in the sample problem solved in the 
paper, 

Regardless of the method used (A BCD 
constants or driving point and transfer 
impedances) the per-unit system suggested 
by the authors should prove to be very use- 
ful and should help to further inerease the 
speed and accuracy in the solution of trans- 
mission problems, 


R. D, Goodrich, Jr. (United States Bureau 
of Reclamation, Denver, Colo,):; We have 
used ABCD constants for a number of 
years, and agree with the authors that they 
have distinet advantages over other meth- 
ods for representing long lines. We found 
per-unit notation was considerably simpler 
than the conventional ohms-volts-amperes, 
and so have made up curves of constants for 
our most common conductor sizes, spacings, 
and voltages, in per unit, usually on a 100- 
megavolt-ampere base, 

However, this new approach will make it 
possible to reduce the number of our curves 
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Sending end radius (for 6=) a 
/) 


=A: /180-+8 =1.49/ =95.2° 


Receiving end radius (for 6=0) 


eee /B =1,49/84.8° 
Be /84.8° 
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to a minimum, In fact it may be possible 
to use one set of curves for A and D, and 
another set for both B and C. The curves 
would in effect be graphs of cosh yS and 
sinh yS plotted against S, where y = 2.06 
X 1078 SV —1+jr/x. 

The sinh yS curves could be used for both 
Band Checause: 


B=sinh yS|+¢ (1) 


C=sinh yS 


ree (2) 


when Z equals unity. 

Since ¢ = —1/2 tan™! r/x it can easily be 
obtained, and the complex products indi- 
cated in equations 1 and 2 can be computed. 

Perhaps the authors should have pointed 
out that it is often desirable to convert the 
constants to standard bases such as 20, 50, 
or 100 megavolt-amperes, particularly when 
constants for a-c network analyzer studies 
are to be computed. For these conversions: 


Ap=A, 
Bra=(mvap/Mva;)B; 
Cra =(imnva;/Mvag)C 
Dp=A, 


where the subscript B refers to the new base, 
and subscript 1 refers to the values on surge 
impedance base. It will probably be suffi- 
ciently accurate to assume 


mMvap =2.5 kv? 

for this conversion, although the better 
value 

mvar =kv?/Zo 


where 


Zo=(Vx.0')| V1 —jr/xl 


can be used, 

The surge impedance curves were checked 
against our curves for the following point: 
115 kv, 100 megavolt-ampere base, 836,400 
circular mil steel reinforced aluminum cable 
150 miles,.r/x = 0,892,” = 0.780 ohm, x! = 
184,500 ohms. 

From the surge impedance curves: 


A=0,952-+j0.019 


AIEE TRANSACTIONS 


' 
1951, Votume 70 


B=0.114+ 0.293 

C= —0.0004+ 0.308 
A?— BC=0.996+ 0.001 
mvag =kv?/Zo=32.5 


When converted to a 100 megavolt-ampere 
base these constants. become: 


A =0.952+ 0.019 
B=0.351+-j0.902 
C= —0.0001+ 70.100 


From ur curves: 


A =0.952+j0.019 
B=0.337 +j0.872 

= —0,0007 + 0.106 
A*—BC=0,999+j0.001 


|B| =0.934 


The authors indicate that per-unit con- 
stants based on line capabilities are to be 
preferred to constants referred to other 
bases. It is our opinion that consideration 
should be given to the recognized fact that 
capability varies with line length, and this 
factor should be taken into account. If the 
base is selected so that the absolute value of 
the line constant B is made unity then the 
constants will at least be based on the 
steady-state stability capabilities of the 
line. Moreover it will be found that the 
circle diagram formulas are very much sim- 
plified by the conversion. For the line de- 
seribed above B equals 1.00 when the con- 
stants are converted to a 107.1 megavolt- 
ampere base. Whence: 


A =0.9524 70.019 
B=0.361+70.933 = 1.000 


C=0.0007+j0.099 


Constants of this order of magnitude will 
be obtained regardless of voltage, line 
length, and so forth. 


D. J. Povejsil and A. A. Johnson: Mr. 
Goodrich and Mr. Butler have indicated a 
number of interesting and useful extensions 
of the data and concepts presented in the 
text of the paper. 

It is interesting to note that each discus- 
sion demonstrates a method for reducing the 
required number of curves from six to four. 
Mr. Butler has taken advantage of the fact 
that three of the four A BCD constants can 
be used to define the characteristics of the 
line in terms of driving point and transfer 
impedances. The justification for such a 
simplification is the fact that only three of 
the four A BCD constants are independent 
functions. This is shown by the familiar 
functional relationship, AD—BC=1 
(for a static, linear, bilateral, 4-terminal 
network with no phase shifting trans- 
formers). However, it should be noted that 
the elimination of the dependent variable 
from the set of constants also eliminates the 
convenient verification of results afforded 
by the foregoing relationship. This is an 
important point to be remembered in the 
resolution of complicated networks where 
the likelihood of error is great. 

Mr. Goodrich has pointed out that the 
number of curves can be reduced from six to 
four if the angle associated with the surge 
impedance is not included in the plots of the 
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per unit B and C constants. This is very 
true, but it means that two complex multi- 
plications must be performed after the B 
and C constants are read from the curves. 
However, if the curves in the paper are used, 
no complex multiplications are necessary. 

Mr. Goodrich also ‘mentioned that the 
per-unit constants can be based upon 
steady-state line capabilities if the kilovolt- 
ampere base is selected so that the absolute 
value of the B constant is made equal to 
unity. Such a concept would be especially 
useful in steady-state load flow studies of 
lines with fixed or predetermined high side 
voltages at the sending and receiving ends. 
For cases where transient stability and ter- 
minal impedances must be considered, a 
suitable kilovolt-ampere base may be 
chosen from Figure 1 of the paper, in which 
line capability is plotted as a function of line 
length and transient stability considerations 
for a system with typical terminal imped- 
ances. 

In recent years, considerable interest has 
been showfi in the use of bundle conductors 
for certain high-voltage lines. Therefore, a 
study was made of the reactances of such 
conductors to determine whether the curves 
in this paper could be used to determine the 
constants of transmission lines composed of 
bundle conductors. The investigation 
showed that for typical 60-cycle bundle con- 
ductor lines the value of x/x’ is equal to 
2.06 X 107% per mile. Since the curves in 
the paper are based on this value, it is obvi- 
ous that they can be applied to bundle con- 
ductors in 60-cycle lines without using any 
correction factors. 
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A New 69-Kv Air Blast Circuit Breaker 


R. B. SHORES 


MEMBER AIEE 


Synopsis: A new air-blast circuit breaker 
rated at 69 kv, 2,000 amperes, 3,500 mega- 
volt-amperes (mva) has been developed for 
outdoor service on the lines of a large metro- 
politan utility. Designed as individual roll- 
out circuit breaker poles in dust-tight, 
phase-isolated, outdoor metal enclosures 
with current transformers on the roof en- 
trance bushings, the circuit breaker has its 
isolators enclosed within the air blast col- 
umns for more reliable operation under icing 
conditions for future application of the cir- 
cuit breaker as outdoor porcelain-clad units. 
Recovery voltage control resistors are used 
to insure satisfactory performance of the 
circuit breaker at any circuit recovery rate 
which may arise on any system in this 
country. 


HERE are several outdoor installa- 

tions in this country of porcelain- 
clad air blast circuit breakers with rat- 
ings as high as 138 kv 3,500 mva. A de- 
scription of the design and performance 
on field tests of such a circuit breaker 
was presented to the AIEFE in 1945,1? and 
the circuit breaker itself has continued 
to perform satisfactorily in service. De- 
scription and field tests of an earlier 
138-kv 1,500-mva circuit breaker were 
presented in 1942,54 and there are in- 
stallations in this country of outdoor 
air-blast circuit breakers at lower volt- 
ages; both 69 kv 1,500 mva and 34.5 
kv 1,000 mva are in operation on the lines 
of a metropolitan utility. All of these 
circuit breakers have porcelain-clad in- 
terrupter elements plus associated inter- 
locked isolating switches. 

Although selection of air-blast circuit 
breakers for these installations was based 
to a great extent on the elimination of the 
hazard of oil fires, the elimination of the 
large tanks of oil in an interrupter design 
usually results in a design permitting 
simpler and faster inspection of the in- 
terrupter elements. Furthermore, the 
use of an air interrupter eliminates oil 
maintenance and handling facilities, and 
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J. W. BEATTY 


ASSOCIATE AIEE 


permits longer intervals between main- 
tenance outages. 

As experience with outdoor installations 
of air-blast circuit breakers has con- 
firmed the confidence placed in their re- 
liability, the elimination of oil and low 
outage time for inspection makes them 
very attractive for many locations. They 
were therefore selected for installation at 
a generating station of a large metropoli- 
tan system where studies of the econom- 
ical transmission and distribution of the 
power concentration had shown the need 
for circuit breakers rated 69 kv 2,000 am- 
peres and capable of interrupting 3,500 
mva under fault conditions. Since the 
initial installation of the new 69-kv cir- 
cuit breaker is to form part of an outdoor, 
metal-enclosed switchgear equipment, it 
was desired that the circuit breaker be 
supplied with an outdoor, metal enclo- 
sure. 


Major Design Features of New 
Circuit Breaker 


In order to establish specifications for 
the new 69-kv air-blast circuit breaker, 
existing designs of outdoor, porcelain- 
clad 34.5-kv, 69-, and 138-kv air circuit 
breakers in this country and of high- 
voltage air circuit breakers abroad were 
reviewed, together with designs of 15-kv 
air-blast circuit breakers in metal-en- 
closed equipments. From these studies, 
the design features of the new circuit 
breaker were determined as follows: 


1. The new air-blast circuit breaker should 
be designed to meet the AIEE and American 
Standards Association standards for the per- 
formance of a 69-kv 2,000-ampere 3,500- 
mva 5-cycle circuit breaker. Since, as is 
well known, the interrupting performance of 
an air-blast interrupter depends on both the 
voltage recovery rate and short circuit cur- 
rent, it would be desirable to design the new 
circuit breaker in such a manner that it 
would be capable of handling any circuit re- 
covery rate which may be encountered and 
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thereby permit application of the circuit 
breaker on a fault current basis only. It 
was therefore decided to determine the 
maximum voltage recovery rate which may 
be encountered in this country on an appli- 
cation requiring a 69-kv 3,500 mva circuit 
breaker and to design the circuit breaker to 
handle this recovery rate at its full inter- 
rupting rating. 


2. In the initial installation proposed for 
the new circuit breaker, it was desired that 
the circuit breaker be designed as a unit of 
an outdoor, metal-enclosed switchgear 
equipment of dust-tight, phase-isolated con- 
struction. Although a metal-enclosed de- 
sign may be desirable at other future metro- 
politan locations, 69-kv circuit breakers have 
been more commonly applied as porcelain- 
clad outdoor units. For general applica- 
tion, it therefore appeared important to 
consider all circuit breaker unit design fea- 
tures from both outdoor and enclosed service 
conditions. Although the initial installa- 
tion would be metal-enclosed, future exten- 
sion of the design to a porcelain-clad unit 
without a metal enclosure should be planned. 


3. For outdoor service, an air-blast circuit 
breaker would have more reliable operation 
under icing conditions if the open-type iso- 
lating switch commonly associated with ex- 
isting styles of outdoor air-blast circuit 
breakers was changed to an enclosed iso- 
lator. It was therefore decided to house the 
isolator within the air-blast column for the 
resistor current interrupter and to make the 
isolator a functional part of that interrupter. 


4. Electrical clearances around 69-kv cir- 
cuit breaker provide sufficient space within 
a metal enclosure for the performance of 
both inspection and maintenance without 
moving the circuit breaker out of the 
enclosure; it would, however, be advan- 
tageous to be able to readily remove a 
circuit breaker pole for interchange with a 
spare element or for maintenance at a more 
convenient point. Furthermore, the metal- 
enclosed, phase-isolated equipment at the 
first installation point of the new circuit 


Paper 51-27, recommended by the AIEE Switchgear 
Committee and approved by the AIEE Technical 
Program Committee for presentation at the AIEE 
Winter General Meeting, New York, N. Y., January 
22-26, 1951. Manuscript submitted October 25, 
1950; made available for printing November 21, 
1950. 
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This development has profited materially by the 
continuing interest in oilless circuit breakers of 
A. M. de Bellis, of the Consolidated Edison Com- 
pany of New York, who has, for many years, stead- 
ily furthered the progress of isolated-phase metal- 
enclosed equipments. The many new design fea- 
tures of the circuit breaker and its enclosure pre- 
sented frequent problems, which have been solved 
largely by our associate H. N. Schneider. 
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Figure 1 (above). Sectional view of 69-kvy 2,000- 
ampere 3,500-mva air-blast circuit breaker in outdoor, 
dust-tight, metal enclosure CLOSING CONTROL VALVE 


breaker provides a complete metallic hous- 
ing for each phase conductor with an air 
space between individual phase housings. 
It would be desirable to provide similar 
complete phase isolation throughout the 
circuit breaker unit. It was decided that 
the basic circuit breaker design would con- 
sist of three single-pole roll-out type units 
with each pole in an individual dust-tight, 
steel enclosure. Each circuit breaker pole 


Figure 4. Schematic diagram of circuit 


breaker arrangement and system 


Figure 3. Single-pole roll-out unit of 69-kv 
2000-ampere 3,500-mva_ air-blast circuit 
breaker in front of its outdoor, dust-tight, 


Figure 2. Scale model “of isolated-phase, metal enclosure 


outdoor metal enclosures 
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and its enclosure was to be arranged to per- 
mit normal inspection and maintenance be- 
ing readily accomplished inside the enclosure 


without removing any weathertight metal 
covers. 


General Arrangement 


_Sectional view, Figure 1, and scale 
model, Figure 2, show the equipment ar- 
rangement and design appearance which 
were developed to meet the specifications 
for the new 69-kv air-blast circuit breaker. 
Three similar outdoor metal enclosures 
are used to provide a dust-tight, phase- 
isolated equipment. 

Figure 3 shows a single-pole roll-out 
circuit breaker unit in front of its enclo- 
sure. The lower Herkolite blast tube and 
porcelain insulator stack support the in- 

terrupter and isolator elements of the 
breaker; this load is imposed directly on 
the main mechanism frame and not on the 
air receiver. The design for an outdoor 
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PRACTICAL AIR BLAST BREAKER 


Figure 5. Relationship between the per- 

formance of a practical interrupter without a 

shunting resistor and a possible 69-ky system 
requirement 


installation of this circuit breaker without 
the metal enclosures will consist of the 
addition of porcelain around the vertical 
and horizontal insulating blast tubes, 
plus a metal housing for the mechanisin, 

The schematic diagram, Migure 4, in 
dicates the arrangement of the inter 
rupters, resistor, and isolator as well as 


the pneumatic system of the mechanism, 


The Interrupters and Resistor 


By reference to a report’ of recovery 
rates existing at various points of several 
utility systems and by an analysis of 
system connections conceived possible 
in large metropolitan areas within the 
next ten years, a recovery rate of 6,000 
volts per microsecond was determined 
as the maximum natural recovery rate 
which would be encountered at 3,500 
niva duty, 

There are many combinations of in 
terrupter orifice diameters and pressure 
with single- or 


ranges in combination 


double-exhaust which will produce any 


Figure 6. Contact finger assembly of inter- 
rupter unit 
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Figure 7. Interrupter unit, 


particular rating of air-blast circuit 
breaker; the proper combination depends 
largely on the economics of construction, 
space limitations, and desirable pressure 
ranges. Fortunately, the performance 
of radial-flow interrupters can be pre 
determined mathematically; these cal 
culations revealed that the air pressure, 
tank size and orifice diameter to handle 
3,500 inva at a recovery rate of 6,000 volts 
per microsecond was impractical without 
the use of a shunting resistor of low 
ohmic value to control the recovery rate 
which would be imposed on the fault 
current interruption contacts, Wigure 5 
illustrates the relationship between the 
performance ability of an economical 
interrupter with a shunting resistor and 
the possible 69-kv system requirements. 
A double-interrupter style of circuit 
breaker was therefore developed to insure 
freedom in cireuit-breaker application. 
One interrupter is used to insert a re- 
sistor limiting the recovery rate on the 
fault interruption contacts to a prede 
termined value regardless of the fault 
magnitude, but not exceeding the circuit 
breaker megavolt-ampere rating of course; 
a second interrupter is used to break the 
resistor current prior to opening of the 
isolator, Following interruption of the 
resistor current, the isolator is opened 
while the fingers of both interrupters are 
held open by air pressure, 

Radial 
simple and can be greatly increased in 
current handling ability by utilizing a 
double-exhaust instead of single exhaust 
The 
arrangement of igure 4 using radial 
flow double-exhaust units in a simple 
configuration allowing the use of two in- 
terrupters in series was therefore evolved, 
The interrupter heads are similar and 
utilize a common center exhaust port in 
addition to their own exhaust ports, The 
horizontal interrupter is shunted by a re- 
sistor and its contact fingers bear on the 


end of the fixed tube. The 


flow interrupter designs are 


if other factors remain the same, 


contact 
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INTERRUPTER HEAD CLOSED 


Hinge permits ready inspection of all contacts 


fingers of the vertical interrupter bear on 
the upper end of the isolator tube which 
is operated by the mechanism linkage. 
The contact fingers of the interrupters, 
arranged in a circular pattern as shown by 
Figure 6, are normally biased to bear on 
the ends of the tubes; when forced open 
by air pressure the fingers form one ex- 
haust passage and each tube another. In 
each interrupter, the fingers are linked to 
a ring which, while allowing individual 
wipe on each finger, insures that all con- 
tact fingers operate together, The con- 
tact finger tips and contact tubes are 
faced with are-resistant material. Are 
transfer from the face of the finger tips to 
an arcing electrode at the top of the in- 
terrupter is so rapid when the contact 
fingers are opened by air pressure that 
only the one set of main current carrying 
fingers is required; this transfer actually 
takes place in a fraction of a eycle and, as 
proved by hundreds of fault interruption 
tests on a single set of fingers, burning is 
negligible. The interrupter is designed to 
separate the contact line between fingers 
and tubes, and is readily swung open for 
contact inspection as shown by Figure 7. 


Assembled air-blast valve, pneu- 
matic operator, and control valve ready for 


Figure 8. 


insertion into its housing. Seats for air-blast 
valve piston form part of removable assembly 
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Suitable coolers in the exhaust ports of 
each interrupter and of the center tee- 
casting prevent flame emission and reduce 
noise with a minimum increase in back 
pressure. Inspection of the wiping finger 
contacts on the isolator need only be per- 
formed at considerably longer intervals 
than inspection of the interrupter con- 
tacts; these wiping finger contacts, how- 
ever}\can be inspected by simple unbolt- 
ing of their retainer housing without the 
use of special tools. 


The Mechanism 


As shown by Figure 4, the main oper- 
ating mechanism for the isolator consists 
of a pneumatic operator, set of opening 
springs, and a straight line linkage of the 
type used for many years to operate lift 
rods of oil circuit breakers. In the fully 
raised position of the isolator, the linkage 
goes into an over-center position to hold 
the isolator closed. The air cylinder and 
piston is primarily designed for raising 
the isolator; on an opening operation, the 
piston is only required to pull the linkage 


Figure 9. Single pole of outdoor, dust-tight, 
metal enclosure with marquee removed for 
shipment 
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from its over-center position as the open- 
ing springs provide the major effort. 
Hydraulic dashpots slow the movement 
of the isolator and mechanism linkage in 
the latter portion of their travel in both 
closing and opening directions to reduce 
the shock of operation. 

The blast valve housing is located in 
front of the air tank and at the base of the 
Herkolite air blast tube. The design is 
unique in that it permits removal of the 
blast valve piston and piston seats to- 
gether with the valve operating cylinders 
and opening control valve as one as- 
sembled package as shown by Figure 8. 
This blast valve assembly includes a main 
actuating cylinder to give complete open- 
ing of the blast valve on an opening 
operation of the circuit breaker, plus a 
partial lift operator for partial opening of 
the blast valve on a closing operation of 
the circuit breaker. The blast valve it- 
self is a double-piston type; a slight dif- 
ference in area between the two pistons 
provides a small unbalanced seating force 
holding the valve normally closed. 

The air receiver volume is based on 
maintaining the air pressure for the inter- 
rupters at a sufficiently high level to in- 
sure satisfactory performance at 3,500- 
mva interruption on the second opening 
operation of a close-open 15-second close- 
open duty cycle without supplying addi- 
tional air over the initial 250-pound-per- 
square-inch charge. 


Metal Enclosure 


The metal enclosure shown in Figure 9 
is of steel and provides a completely 


phase isolated, dust-tight, weathertight 
housing for each pole of the roll-out type 
circuit breaker. Separate doors are pro- 
vided for the primary circuit and mech- 
anism compartments which are separated 
by a metal barrier to provide maximum 
safety to personnel. All doors are sealed 
against dust and rain by means of rubber 
gaskets and the ventilating louvres are 
backed by dust filters. Current trans- 
formers are located around the porcelain 
roof entrance bushings and are com 
pletely steel enclosed. Lights are pro- 
vided in each compartment for illumina 
tion and in addition convenience outlets 
are located in the mechanism compart- 
ment, Secondary wiring connections be- 
tween each roll-out circuit breaker and its 
enclosure side are made through plug- 
type disconnecting devices. <A circuit- 
breaker position semaphore is provided 
for each pole and is shaped to be visible 
from the front or side. A control panel is 
located in the right-hand unit only. The 
air pressure gauge and a large veeder 
counter are located directly behind a sec 
tion of thermopane glass inset in one of 
the mechanism compartment doors. 

The use of air circulation and strip 
heaters is the usual approach to the prob 
lem of preventing condensation of mois- 
ture on the mechanism and insulation of 
electric equipment installed in otherwise 
unheated areas, whether within steel en- 
closures or masonry buildings. How- 
ever, infrared lamps have been utilized in 
the metal enclosures for the new circuit 
breaker to warm organic insulations of the 
interrupter air columns to a temperature 


slightly above the air in contact with 


Table |. Typical Single-Phase Interrupting Tests 
Tank Ky Equiv. ___Inter. Timet 
Pressure, Rms Kiloamperes, 3-Phase Main Resd. 
Test No. Psig Recoy. Rms Mya Current Current Film No. 
276 PO seis aie ROMS nsiatars 0.04 3.0 
279 B00... =~. OCP mare ats 0.06 3.2 
282 200% <<. 60 0.138 2.9 
285 200. 60 0.19 3.5 
288 DOO a 3 = 60 0.82 3.3 
291 200. . CO wins 06 2.7 
294 200. 60 2.09 Ney 
35 200. . G0lte ete 3.44 2.4 
38 QOS on. seis 60 6.22 2.9 
42 JOON Sec vsss 60 9.14 2.9 
45 BOO smn stare 60 11.0 2.85 
49 200. i 38 ere 13.3 2.7 
371 ZOOS ais) 2r0 2s 65 Pipe 3.0 , 
374 .200. 64 22.1 2.9 
4 200. 45 cae 3.0 2.4 
7 200. . Rane wafers Gat 2.8 . 
10 2006. oh 45 ee ere 9.4 2.75 
Ue Santon ea BOO cast aia BOE ice euare ts pT RR tee ene ration ine” et Ga eRe a, Ue 2.35 
PR ara «soe PLOO ek oe eon cote Gee | are 2.5 
» 7 25D). sameeren a MO Oigwa as cae 3,650, .. 2.4 
Le ae Bee)! ere a5 8 ADs sis. BO Chin arg is! ba anak 3,100 2 
207. . Bi ee LOOM hacer geO gars es es Olas a hrcan STGOSF ae we 2 
POO: dvd «ich SOO ceaeeaces 7 Ad EN eRe VUs@ ee as 2 at 2,110. 5 . .88083* 
GWE ci vis ~ 1 BOO 5 <laeaeiniees BOA... SCAR ees ors 3,520 DLO. | 91293 
BOD) 2, car: eaten BOE ah 25 SURES eal 3,740 .. + 91294 
SAN eee ¢200 cee aera 2 OY CO ee 32S eats cs 3,880 .. .91298* 


+50 cycle per second. 


*Oscillograms included in this paper, 
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Figure 10. Magnetic oscillograms showing single-phase current inter- 
ruption of 11.0 and 21.2 kiloamperes at 60-kv and 65-kyv respectively in 
Refer to Table | 


2.85 and 3.0 cycles. 


Traces A—Line voltage 
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Figure 11. 
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Magnetic oscillograms showing single-phase current inter- 
ruption of 17.6 and 32.4 kiloamperes at 40 kv in 2.5 and 2.4 cycle 
respectively. Refer to Table | 


Traces A—Line voltage 


B—Short-circuit current 


C—Recovery voltage 
D—Trip-coil current 


them; these infrared lamps are used at 
half-voltage to give almost unlimited life 
yet provide sufficient warmth exactly 
where desired to prevent condensation. 


Operation of Circuit Breaker 


Figure 4 is a schematic diagram of a 
single pole of a 3-phase circuit breaker; 
the isolator and interrupter contacts are 
shown ‘in, the closed position and the blast 
valve in the open position after the initia- 
If the air 
pressure in the receiver is above the 
minimum operating pressure as deter- 
mined by a pressure switch, the opening 
control valve can be energized, which ad- 


tion of an opening operation. 


mits compressed air into the main actuat- 
ing cylinder for the blast valve, causing it 
to open to its full blast position as shown. 
Compressed air from the air receiver is 
thereby admitted into the lower end of 
the vertical Herkolite tube housing the 
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isolator operating rod. This high pressure 
air is diverted by the restriction through 
the center tee-casting into the horizontal 
interrupter unit. 

As a result of the pressure build-up in 
the horizontal interrupter, the contact 
fingers are lifted from the contact tube 
and this circuit interrupted; residual cur- 
rent of course continues to flow through 
the resistor and vertical interrupter head. 
The contact fingers of the vertical in- 
terrupter head open after the opening of 
the horizontal contacts as a result of the 
throttling action of the flow restriction 
through the center tee-casting. Inter- 
ruption of the resistor current by the ver- 
tical interrupter head occurs after in- 
terruption of the main fault current by 
the horizontal interrupter. Interruption 
of the resistor current is followed by re- 
traction of the isolator prior to closing of 
the blast valve and return to normal 
position of the contact fingers. 


B—Short-circuit current 
C—Recovery voltage 
D—Trip-coil current 


Complete lift of the main actuating 
piston of the blast valve uncovers a port in 
the actuating cylinder from which air is 
bled for subsequent admission into the 
“opening” end of the main operating 
cylinder for the isolator. Thus, move- 
ment of the isolator cannot be initiated 
until after the blast valve has been com- 
pletely opened; this sequential arrange- 
ment avoids the use of an additional 
pneumatic interlock since the original 
operation could not have been initiated 
unless the air receiver pressure were 
sufficiently high. Retraction of the iso- 
lator results in de-energizing the open- 
ing control valve, which allows this valve 
to close; this shuts off the high-pressure 
air supply to the main actuating cylinder 
of the blast valve and exhausts the air 
from the actuating cylinder allowing the 
blast valve to close. 

The closing control valve can be ener- 
gized if the air pressure in the receiver 
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is above the minimum tank pressure re- 
quired for satisfactory performance of the 
circuit breaker on an opening operation 
immediately following the closing opera- 
tion; this condition is determined by a 
pressure switch with its contact in’ the 
closing control valve coil circuit. Open- 
ing of the closing control valve admits air 
into the main operating cylinder for the 
isolating disconnect. After a predeter- 
mined movement of the main operating 
piston, a direct-connected slide valve un- 
covers a port to provide air for partial 
lift of the blast valve, in order to mini- 
mize prestrike. At the end of movement 
of the main operating piston actuating 
the isolator, the slide valve cuts off the 
air supply for the partial opening blast 
valve operator, dumps this air, and 
thereby allows the blast valve to reclose. 
Since even partial opening of the blast 
valve lifts the contact fingers, actual 
closing of the circuit is performed by the 
closing of the contact fingers on the ends 
of the contact tubes after the air blast is 
shut-off. An auxiliary switch on the 
isolator operator permits an opening 
operation to be initiated during the clos- 
ing movement of the isolator slightly be- 
fore it has reached its maximum raised 
position. The air-blast valve simply 
opens completely since the diameter of the 
main actuating piston for the blast valve 
is larger than the diameter of the re- 
tarding piston for holding the blast valve 
at a partially open position. The circuit 
breaker is therefore pneumatically trip 
free. 


Electrical interlocking insures that 


failure of any circuit breaker pole to close 
with the other two poles would result in 
an immediate trip-out of the poles which 
did close; this trip impulse is given to the 
closed poles prior to closing of their con- 
tact fingers on the ends of their contact 
tubes. 

The three opening control valve 
coils are series-connected, as are the 
three closing control valve coils. No 
valves are used in the air connections 
between air receivers of the three poles to 
insure their functioning as a single unit; 
this of course permits the use of a single- 
pressure gauge and single-pressure inter- 
lock. 


Test Results 


Table I is a set of typical interruption 
tests for the new 69-kv circuit breaker. 
These tests range from 40 amperes at 60 
kv through 32,400 amperes at 40 kv. All 
tests shown are on a single-pole basis with 
full voltage across the interrupters and 
were made on a complete interrupter 
column. Tests made at 200 pounds 
per square inch were checks on the in- 
terruption ability under air receiver pres- 
sure conditions corresponding to the 
second close-open operation of a duty 
cycle with the air receiver not being re- 
charged from the station air system. 
Typical oscillograms for these tests are 
shown in Figures 10 and 11. 

A complete sample pole of the circuit 
breaker and enclosures have satisfac- 
torily passed the required impulse and 60- 
cycle high-potential tests, as well as a 


temperature rise test. A life test also has 
been successfully completed. 


Conclusions 


This new 69-kv air-blast air circuit 
breaker incorporates many new design 
features which should improve its ease of 
inspection and maintenance, and de- 
crease its outage time. Its performance 
on test has indicated that the design can 
be extended to 5,000 mva when such an 
increase is required. The enclosed iso- 
lator is a feature which should result in 
ready acceptance of the circuit breaker as 
an outdoor porcelain-clad unit. The unit 
pole construction allows the use of in- 
dividual steel enclosures for complete 
phase isolation and permits interchange 
with a spare element. 
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Discussion 


A. M. de Bellis (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): I want to congratulate Messrs. 
Shores and Beatty for their excellent paper 
on this new 69-ky air blast circuit breaker. 

At the same time, if I may, I would like 
to congratulate the several General Electric 
engineers who, to my knowledge, have 
worked in the development and testing of 
this circuit breaker. Three years ago, when 
we first began planning our East River 
generating station extension, we concluded 
that a new line of 69-kv outdoor metal-clad 
equipment would have to be developed if 
Wwe were to meet certain requirements of 
service reliability, space limitations, and 
over-all station costs. It was also our de- 
sire to avoid the use of oil filled switching 
equipment. 

The problem of developing a metal-clad 
69-kv air blast circuit breaker was taken up 
with the circuit breaker designers and we 
hada pleased to find them receptive to the 
idea, 
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This paper describes the results of 
one such development. 

Our requirements of phase isolation and 
co-ordination with other station equipment 
have been met very satisfactorily. The 
designers also have introduced a number of 
design features which should prove attrac- 
tive from |the standpoint of maintenance 
and operation. Although operating experi- 
ence alone |will provide the final test on the 
adequacy of this new design, we are fully 
confident that its performance will be as 
expected. Naturally, our confidence in this 
new design is due, in no small measure, to 


* the fact that the new interrupter has been 


amply tested in a high-power laboratory. 

Reference is made in the paper to outdoor 
porcelain-clad air blast circuit breakers at 
present installed in this country. We were 
under the impression that these circuit 
breakers are few in number, and that in the 
higher voltages their performance has not 
been in general, shall we say, satisfactory. 
Two or three years ago, the circuit breaker 
designers were not prepared to develop a 
porcelain-clad outdoor circuit breaker of the 
3,500 megavolt-ampere 69-kv class. 
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The paper seems to indicate that this new 
design can be offered as an outdoor porce- 
lain-clad unit. It would be of interest to 
know how some of the design limitations 
which have caused failures in previous 
porcelain clad designs have been overcome. 

The authors, in giving their reasons for the 
use of a shunting resistor, may leave the 
reader with the impression that the use of 
such a resistor was dictated by economical 
reasons when dealing with recovery voltages 
of the order of 6,000 volts per micro-second 
and short circuit currents of the order of 
30,000 amperes. 

There are at present in service air blast 
circuit breakers in the 15-kv class where 
shunting resistors are not deemed necessary, 
and yet the values of recovery voltage and 
short circuit current are considerably higher 
than those given for the 69-kv circuit 
breaker. We are not questioning the wis- 
dom of using shunting resistors, but it seems 
that some additional explanation would be 
helpful. It would also be helpful if the 
authors were to specify the voltage values 
which apply to the tests given at the bottom 
of Table I, 
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The data given in Table I and in the text 
indicate that the tests on the single-pole 
circuit breaker were made at 40 kv. We 
generally think of the first pole to open ina 
circuit breaker interrupting 87 per cent of 
its phase-to-phase voltage, which for a 69-kv 
system would be 60 kv for a 3-phase un- 
grounded fault. It may be questioned, 
therefore, whether the 40-kv tests are indica- 
tive of what the circuit breaker will inter- 
rupt under 3-phase ungrounded fault condi- 
tions. 


P. L. Taylor (Allis-Chalmers Manufac- 
turing Company, Boston, Mass.): The 
authors are to be especially complimented 
for having achieved a very ingenious inte- 
gration of components employing the more 
sound of the available principles. 

The questions of fibrous insulating tubes 
under moisture conditions, and of the en- 
closed disconnecting device have already 
been discussed, leaving one principal ques- 
tion, upon which I want to place particular 
stress. 

I am concerned with the method em- 
ployed to close in against fault currents. As 
the method is described by the authors, the 
insulating switch is closed under partial air 
blast conditions, and a faulted circuit would 
be subsequently closed against by the return 
of the stationary finger contacts as they 
drift back on decaying air pressure. In our 
experience this would result in extreme con- 
tact burning at making currents of the order 
of 53,000 amperes, for which this circuit 
breaker is rated. 

The test data given in Table I of the paper 
do not identify any ‘‘close-open”’ interrupt- 
ing operations, but no doubt such tests have 
been made. Perhaps there is incorporated 
in the contact finger assembly design, some 
arrangement for producing a ‘‘snap’’ closing 
action of the fingers to reduce the prestruck 
are time, thus reducing the contact de- 
terioration. 

If it would not be too time-consuming, I 
believe it would be of general interest for 
the authors to explain briefly the operation 
of the mechanical linkage shown in Figure 4 
of the paper, which is described only as “‘of 
the type used .. . to operate . . . oil circuit 
breakers.” 


R. B. Shores and J. W. Beatty: The 
number of outdoor porcelain-clad circuit 
breakers installed in this country at present 
are still relatively few as pointed out by Mr. 
de Bellis. Their interrupting performance 
to the best of our knowledge has been very 
satisfactory. Some difficulties have been 
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encountered in some of the designs in ob- 
taining satisfactory mechanical perform- 
ance, especially in obtaining reliable opera- 
tion of the air mechanism and its associated 
auxiliary devices. However, the design of 
air mechanisms and their associated devices 
has now improved to the point that they 
are in common use for outdoor power circuit 
breakers, air or oil. A particular mechanical 
problem associated with one of our early 
outdoor air blast circuit breakers was 
breakage of a rotating porcelain column 
operating the isolating disconnect; the 
problem was eventually solved by reduction 
of the impact to which the porcelain column 
was subjected. Insofar as this specific prob- 
lem is concerned, porcelain is not utilized in 
the new 69-kv circuit breaker for any part 
of the linkage operating the isolator. We 
also understand that failures have occurred 
in porcelain-clad outdoor air blast circuit 
breakers as the result of condensation in the 
space between organic insulation and its 
enclosing porcelain. Probably the best 
approach which could be used to solve the 
problem of a porcelain-clad air blast circuit 
breaker is the direct substitution of porce- 
lain for organic insulation if the required 
strength can be designed into the porce- 
lain. 

The use of a resistor to control the recov- 
ery voltage rate was more economical in the 
design of the new 69-kv circuit breaker than 
utilizing additional interrupter units in 
series or higher air pressure to handle full 
recovery rate at full current rating. At 15 
kv there are in service air blast circuit 
breakers without resistors on circuits where 
the values of recovery voltage and short 
circuit current may be even higher than 
those given for the 69-kv circuit breaker. 
There are likewise in service 15-kv circuit 
breakers on similar circuits which do utilize 
resistors to control the recovery rate; in 
general, these latter 15-kv circuit breakers 
also have are chutes of very much smaller 
physical size in contrast to those without 
resistors. However, 15-kv circuit breakers 
have been of cross-blast design, which is 
very suitable for a low voltage and high cur- 
rent interrupter structure but has not 
proved very practical for high voltage inter- 
rupters due to the difficulty of obtaining 
sufficient insulation strength. 

On the other hand, the radial blast design, 
of which the new 69-kv circuit breaker is an 
example, very readily provides long creep- 
age paths and a short high-voltage with- 
stand arcing gap. The voltage rating of the 
circuit breaker was therefore the prime fac- 
tor in the selection of a radial-blast inter- 
rupter design; acceptable air pressure, 
reasonable air consumption and minimum 


number of interrupter units were other fae- 
tors leading to the use of a resistor to control 
the voltage recovery rate the new circuit 
breaker might encounter. 

The voltage values for the tests at the bot- 
tom of Table I were accidentally omitted 
from the preliminary draft of this table. 
They have since been added. 

Only typical single-phase interrupting 
tests are included in Table I although tests 
have actually been satisfactorily carried out 
from 12-kv through 88 kv at various tank air 
pressures; tests have also been conductéd 
successfully at voltages up to 120 ky al- 
though tank pressures above rating were 
admittedly used for these excessively high- 
voltage tests. We therefore have every 
reason to feel that the new 69-kv air blast 
circuit breaker will perform satisfactorily 
under all voltage conditions within its rat- 
ing. 

With reference to the question of adequate 
protection against moisture for the organic 
insulations of the new circuit breaker, dry 
air is bled continuously, but very slowly, 
into the base of each column from the high 
air pressure system; this bleed is taken 
from the station air system ahead of the 
check valve for the circuit breaker air re- 
ceiver in order to avoid bleeding down the 
air receiver if the station air system failed 
for any reason. This use of dry air over the 
operating rod and over the inner surfaces of 
the insulating tubes and of infra-red lamps 
directed on the outer surfaces, together with 
the housing ventilation, very effectively 
prevent condensation of moisture on organic 
insulation. 

In regard to the question of contact burn- 
ing on circuit closing duty, the wide open 
exhaust on the downstream side of the con- 
tacts results in a very high rate of pressure 
decay after the blast valve closes. As a 
result, the contact closing speed and contact 
opening speed are relatively the s: me, ap- 
proximately 12-14 feet per second. There- 
fore, contact deterioration, even on circuit 
closing duty at rated making current, is not 
excessive. Although no tables are included, 
““close-open’”’ tests have been completely 
satisfactory. 

The mechanism linkage indicated in 
schematic form only in Figure 4, is a com- 
bination of cranks to transform the 41/s- 
inch motion of the operating piston into 
the 24-inch straight line motion of the 
isolator. Except for its over-center feature, 
it is the same type of linkage as used in 
tank-type oil circuit breakers to convert the 
short stroke of the circuit breaker closing 
solenoid, cam, piston, or other power source 
to the considerably longer stroke required 
for the oil circuit breaker lift rod. 
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I HAS long been recognized that the 
carrier radiated by a conventional 
amplitude-modulated transmitter yields 
no intelligence at the receiver and so 
wastes this power. In a single side-band 
transmitter such waste can be sharply 
reduced, and, in addition, there is a 2-to- 
1 saving in the use of the radio spectrum. 
Finally, single side-band systems seem to 
lend themselves better to the use of ex- 
alted carrier detection than do double 
side-band transmitters: this is a help in 
combating fading. 

There are two main methods of single 
side-band generation. The system which 
has been employed in practice for many 
years is that using filters and linear 
amplifiers. As is shown in Figure 1, a 
balanced modulator operates with a fairly 
low carrier frequency to provide an out- 
put of two side bands with suppressed 
carrier. 
these side bands is picked out to be used 
as modulation in a succeeding balanced 
modulator with a still higher carrier fre- 
quency. After the original band of 
modulation frequencies has been trans- 
lated high enough in frequency, its power 
level is increased by means of linear am- 
plifiers. 

The second system for generating a 


By means of a filter one of 
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single side band at radio frequencies is 
the one with which this paper is con- 
cerned. The method has been known in 
principle since the mid-twenties,! but 
has only recently come into practical use 
through the work of a number of men 
among them Dr. Villard? at Stanford 
University. The second system is chiefly 
distinguished from the first one described 
by the fact that in it the single side band 
is generated at high level in the final 
stage of the transmitter. This is done in 
two balanced modulators, a circuit of 
which is shown in Figure 2. Tubes 1 and 
2 form one balanced modulator, while 
tubes 3 and 4 constitute the other. 
These two modulators are driven by 
radio frequency voltages in quadrature 
with one another. Audio-modulating 
voltages are applied in push-pull to the 
grids of the tubes in each modulator, 
the audio voltages to the modulators also 
being in quadrature. These quadrature 
audio voltages are obtained from two 
wide-band 90-degree phase-difference net- 
works having constant amplitude re- 
sponse from 300 to 20,000 cycles per 
second and the phase difference correct 
within 0.3 degree over that band. The 
plate current pulses of all four tubes de- 
velop power in a common plate tank 
circuit. When the equipment is oper- 
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ated properly only one side band is 
present in the output. The four Eimac 
4-250A’s used in this circuit were oper- 
ated so that they drew neither screen nor 
grid current. 


Misalignments and the Outputs to 
Which They Give Rise 


The output of such a transmitter when 
properly adjusted and subject to modula- 
tion of a single tone is itself a sine wave of 
constant amplitude. If there are any 
unbalances in the voltages fed to the 
balanced modulators, if the tube char- 
acteristics differ from one another, or if 
these characteristics are nonlinear with 
audio level, the output will be other than 
a single sinusoid. In a detected or recti- 
fied version of the transmitter output 
there will appear a frequency equal to 
that of the modulating tone if either or 
both of the modulators are operating in 
an unbalanced fashion. The output will 
then contain carrier as well as the wanted 
side band. The size of the detected 
component in-phase with the modulating 
tone indicates the degree of unbalance of 
the modulator fed with in-phase audio 
signal. That of the quadrature compo- 
nent is a measure of the unbalance of the 
other modulator. This unbalance can 
come about in two main ways in the sys- 
tem under consideration. The first is by 
virtue of an unbalance in the audio- 
modulating voltage, while the second is 
through unequal transconductances in 
the two tubes, here controlled by their 
screen potentials. An inequality be- 
tween the output of the two balanced 
modulators results in the appearance of 
unwanted side band. The inequality can 
arise in any of four ways: (1) unequal 
radio frequency drive, (2) unequal audio 
modulating voltages, (3) inequality of 
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Figure 1. Block diagram of 
conventional single side-band 
transmitter 
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Figure 2 (above). 
single side-band balanced modulator 


Figure 3 (right). 
ments of balanced modulator 


pairs of tube transconductances, and (4) 
departure from proper (quadrature) phase 
of the radio frequency drive. The first 
three misalignments will be noted to give 
rise in the detected output of the trans- 
mitter to a sinusoid of twice the frequency 
of the modulating tone. Lack of proper 
radio frequency phase will result in a 
similar double-frequency sinusoid, but in 
quadrature with the first. In Figure 3 
are shown vector diagrams of the contri- 
butions of each tube to the output in 
each of the cases outlined. It is seen, 
therefore, that with each of a given set of 
misalignments there may be associated 
specific signals in the detected output. 

The transmitter is in fact provided with 
means of unbalancing both modulators 
in a symmetrical manner so that carrier 
may be inserted in any amount up to —6 
decibels of the power of the wanted side 
band. 

Lack of perfect linearity in the trans- 
conductance of the tubes with audio level 
will cause the appearance of a sinusoidal 
component in the detected output having 
a frequency four times that of the modu- 
lating tone. This is due to the cyclical 
operation of the four tubes throughout the 
audio period. 
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Method of Aligning the Transmitter 


It has been observed that the presence 
of certain components in the detected out- 
put of the transmitter may be associated 
with certain classes of misalignment in 
the balanced modulators. As there is 
not a one-to-one correspondence between 
each specific misalignment and each type 
of component in the output, some of the 
parameters must be left fixed while others 
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are altered during the alignment proce- 
dure. If such an arbitrary association is 
made between certain misalignments and 
certain output components, a device which 
will indicate the magnitude and sign of 
these maladjustments may be constructed. 

In discussing the device, let us con- 
sider that the incorrectly adjusted trans- 
mitter is modulated by a sinusoidal tone 


Figure 4. Transmitter alignment indicator 
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oi frequency f. The detected output of 
the transmitter will then contain signals 
having frequencies and phases as fol- 
lows: f, f plus 90 degrees, 2f, and 2f plus 
90 degrees. 

The alignment indicator is basically a 
single-frequency test source of four 
quadrature audio modulating voltages 
and 4-gated phase sensitive detectors, 
each one of which is assigned to the exclu- 
sive examination of one of the compo- 
nents in the detected output of the trans- 
mitter. Figure 4 shows a block diagram 
of the indicator. A motor-driven 4-phase 
a-c generator in the alignment indicator 
provides four equal quadrature audio 
modulating voltages to the transmitter. 
On the same motor shaft there is a 
notched disk which generates square 
waves by interrupting a beam of light 
shining on a photocell. The disk is 
shaped so that the period of this square 
wave is one quarter of that of the voltage 
supplied by the 4-phase generator. This 
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4f square wave is amplified and used to 
trigger two bi-stable multivibrator scalers, 
one operating on the negative discon- 
tinuities, the other on the positive ones of 
the square wave. These multivibrators 
thus produce square waves in quadrature 
with one another which have periods 
equal to one-half that of the generator 
voltage. These new 2f square waves 
gate the detectors sensitive to 2f and also 
trigger two more bi-stable multivibrators, 
which in turn generate two square waves 
in quadrature, having periods equal to 
that of the 4-phase generator output. 
These last-derived square waves are used 
to gate the detectors sensitive to the f 
components. 

Each of the four phase-sensitive detec- 
tors consists of two pentodes (7W7) in a 
balanced circuit, shown in Figure 5. The 
rectified output of the transmitter, here- 
after called the error signal, is applied in 
push-pull to the control grids of each pair 
of tubes forming a detector. The sup- 
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Figure 5 (left). 
Figure 6 (above). 
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pressor grids of the tubes in each unit are 
connected in parallel and are fed with 
square waves from one of the multivibra- 
tors. Thus the detectors are gated 
through their suppressor grids respectively 
at frequencies of f, f plus 90 degrees, 2f, 
and 2f plus 90 degrees. The plate of 
each tube contains a circuit having a time 
constant long with respect to the period of 
the modulating signal. With this ar- 
rangement each detector looks at the 
error signal only during the positive por- 
tion of its gating wave. The action is 
such that, if a sinusoidal signal is being 
examined by a phase-sensitive detector, 
the gating square wave of which is ex- 
actly in phase with the sine wave, the 
plate currents in the two tubes will change 
by equal amounts but in opposite direc- 
tions. The effects of this change may 
easily be shown on a zero center meter. 
If, however, the gating square wave is in 
quadrature with the applied sine wave 
then during the on-portion of the gating 
cycle the average value of the plate cur- 
rent experiences no change. This prin- 
ciple also permits the two detectors which 
are gated at the frequency f to be insensi- 
tive to all signals of twice this frequency, 
for during any period equal to twice that 
of the 2f wave the average value of the 2f 
sinusoid is zero. Similarly, during a 
complete period of 1/f the detectors gated 
at 2f are insensitive to signals of the fre- 
quency of the modulating tone. 

The error signal fed to the alignment 
indicator is passed through a bridged-tee 
filter arranged to take out the 4f com- 
ponent which arises from the tube non- 
linearity in the balanced modulators. 

Referring to Figure 2, we note the fol- 
lowing procedure which has been found 
best in aligning a phase-rotation trans- 
mitter with the aid of the alignment indi- 
cator just described: 


1. All screen voltages are set equal. 
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2. The quadrature audio voltages applied 
to the grids are all set equal. 


3. The tuned coupled circuits supplying 
radio frequency grid drive are tuned to 
resonance and are coupled to give equal grid 
driving voltages to the two balanced modu» 
lators, 


4. With all radio frequency and direct 
voltages applied, enough audio modulation 
is introduced to enable the plate tank circuit 
to be tuned to resonance, 


5 With this modulation removed the 
sereen voltages of the pair of tubes forming 
one balanced modulator are adjusted so that 
the radio frequency plate voltage falls to a 
minimums” The procedure is repeated for 
the tubes in the second modulator, 


6. The alignment indicator is then used to 
modulate the transmitter 


7. The final balance for minimum carrier in 
the modulator with tubes 1 and 2 is made by 
adjusting in opposite directions the audio 
voltages to these tubes. The alignment 
indicator meter labelled Carrier Unbalance 
Tube 1-2 is the one which must be zeroed to 
indicate by the presence of no f-error signal 
that this modulator is balanced, Note that 
the balanced condition could have been 
arrived at by adjustment of the screen 
potentials except for the fact that they were 
employed to secure balance with no audio 
modulation, The preceding method is re 
peated for the second modulator with the 
help of the ether Carrier Unbalance meter 
on the indicator, 


8 The correct phase relation is brought 
about between the radio frequency grid 
drives by changing slightly the tuning of 
the secondary of the coupled grid circuits, 
The correet setting is indicated on the 
appropriate meter of the indicator, at which 
point it shows the absence of a 2f plus 90 
degrees component in the error signal 

9, The screen voltages of one of the modu 
lators are adjusted together in the same 
direction so as not to unbalance the modu 
lator until the output of unwanted side band 
is just enough to completely cancel that 
from the other modulator, This condition 
shows as a zero reading on the meter of the 
alignment indicator marked Side Band Un 
balance, 


A repetition of the last four numbered 
steps should then be made to insure best 
alignment, 


Method of Output Analysis 
In order to check both the performance 


of the transmitter under a wide range of 
operating conditions and the accuracy of 
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the alignment indicator, a method of 
accurately measuring the output spec. 
trum of the transmitter 
Figure 7 shows in block diagram form the 
arrangement of the apparatus used for 
this task, Through an attenuator a 
small amount of the transmitter output 
was fed to a standard communication re- 
ceiver in a shielded cage, The normal 
intermediate frequency signals of this set 


was devised, 


were fed into a second converter, and, 
with the aid of a crystal controlled local 
oscillator, then translated down- 
ward in frequency until they stood within 


were 


the range of a good audio wave analyzer, 
The practice adopted was that of tuning 
across the frequency range occupied by 
the two side bands and the carrier, As 
each component of the signal registered 
on the wave analyzer final tuning was 
Accurate identi 
fication of the frequency of the compo: 


accomplished with it, 


being investigated was made by 
the transmitter modulation 
tones from those under study to one from 


nent 
switching 


an audio oscillator under the control of 
the operator in the cage, In the case 
where components of the unwanted side 
band were being examined the side-band 
output of the transmitter had to be re- 
versed for easy identification of the fre- 
queney component by the method just 
This reversal of 
output can be arranged simply by revers 


described, side-band 
ing the audio modulating voltages in one 
of the modulators, 

Because a measurement of the inter- 
modulation Qf, 2fe—fi, 
fief, and 2fetfi, resulting from the 
simultaneous application of two tones 


products 


having frequencies f, and fy, is one of the 
best ways to gauge the nonlinearity of a 
system, analyses of the transmitter output 
were carried out for various operating 
conditions with modulation tones of 1,000 
and 1,700 eyeles per second, 

The following summary of the results of 
the analyses of the transmitter output by 
the apparatus in the shielded cage is 
given to show that the performance of the 
alignment indicator is satisfactory, 

With a single modulation tone, for the full 
500 watts output from the transmitter, and 
with —20 decibels of carrier, the unwanted 
side band was down more than 88 decibels 
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and the wanted one varied in level by only 
1.5 decibels for all modulating tones from, 
800 to 20,000 cycles per second, /) 
Por the 2-tone test with —20 decibels of 
carrier, and a total of 200 watts output, the 
intermodulation products were better than 
42 decibels below the level of one of the 
wanted tones when searched for on the side 
of wanted side band, On the side of the un- 
wanted side band they were down better 
than 86 decibels, a figure considered good 
for single side-band transmitters, Further, 
these figures varied less than 1 decibel for, 
carrier levels from —80 to = 10 decibels, 
Similarly, the 2/,—/, intermodulation 
product never rose above —85 decibels for 
audio levels giving from zero to 500 watts of 
output, Finally, tests were made to see 
whether or not a general improvement could 
be obtained over that yielded with the 
alignment indicator by having the operator 
of the wave analyzer talk down the operator 
of the transmitter while he was carrying out 
his adjustments. It was found possible to 
achieve an improvement of approximately 
10 decibels but at one given level and audio 
frequency, no marked over-all betterment 
resulting from talk down procedure, 


Conclusions 


It is concluded, due to the residual non- 
linearities in the tubes and the lack of 
perfect matching of their characteristics 
at all levels, that the best alignment ob- 
tainable at one frequency and level can 
not be had at all levels and frequencies 
when the alignment is carried out with the 
alignment indicator, ‘This is clearly not 
the fault of the indicator but rather of the 
transmitter. The alignment indicator 
does, however, enable the analysis equip- 
ment in the shielded room, usually as- 
sociated with single side-band  trans- 
mitters, to be done away with for routine 
alignments, 

Perhaps the most promising future of 
the alignment indicator, or of devices of 
this sort, lies in the possibility that it can 
be adapted to permit automatic align- 
iment of phase-rotation single side-band 
transmitters, 
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NY telemetering system which ae 

complishes the indication or re 
cording of a physical quantity at a remote 
point is usually considered to consist of 
three major components; the measuring 
and transducing device; the transmission 
system; and the end device. 

The main transmission systems that 
are being used today can be divided into 
five general groups: the current, voltage, 
frequency, position, and pulse time sys- 
tems. Their names indicate the type of 
electric signal which is used to transmit 
information about the magnitude of a 
physical quantity from the point where it 
is measured to the remote station where it 
is converted into an indicating or record 
ing signal, Vor the sake of completeness, 
it should be mentioned that transmission 
also could be in other than electrical 
forms, such as pneumatic or hydraulic, 
but these will not be considered here, 

The task of the measuring and trans- 
ducing device is, then, one of changing 
the measured variable into the particular 
electric signal selected for the transmission 
system. Except for the special cases 
where current or frequency themselves in 
the proper range are to be measured or 
where the change-over to current or fre- 
queney could be accomplished by electric 
network only, a transducing device is 
necessary, This includes not only the 
obvious cases of measuring displacements 
or forces but also many electrical quanti- 
ties which require an intermediate trans- 
ducing device to express them in terms of 
the electric signal chosen for transmis- 
sion, 


Mechanical Design 


The electromechanical transducer de- 
seribed in this paper changes mechanical 
and certain electrical quantities into cor- 
responding electric current, mainly for 
purposes of remote transmission, Operat- 
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ing on the principle of a continuous torque 
balance, the ‘‘Microsen Balance” actually 
is a small servomechanism which, by 
virtue of using an external power supply 
for its operation, also is capable of raising 
the power level of the input signal, For 
electrical inputs, therefore, it becomes an 
eleetromechanical amplifier whose charac: 
teristics Nave already briefly been de- 
seribed and which will be discussed here 
in greater detail,” 

First, with reference to Figure 1, a 
qualitative deseription of the transducer 
shall be presented, The Mierosen Balance 
is a compaet torque balance device which 
was designed to have the sensitivity of a 
galvanometer while being rugged enough 
to withstand stringent field conditions, 

As shown, the torque measurements 
are made on a balanced beam structure 
wherein mechanical torques are applied 
through a hairspring at the fulerum of the 
beam and wherein electric currents pro 
duce torque in the coil suspended in the 
efficient pot type magnet, The beam 
floats whenever the applied torques com 
pletely balance to zero, Input to the elec 
tromechanical balance is either mechani 
cal rotation of the hair-spring or direct 
current running through one of the coils 
on the end of the beam, In any case, the 
beam is brought to balance by a current 
in the feedback coil, this current being 
proportional to the output electrical 
signal. Accordingly, whenever the beam 
is floating, the transducer is putting out 
an electric signal proportional to the in- 
put signal, whether the input be elec- 
trical or mechanical, 
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Electronic Circuit 


The associated electronic cireuitry is 
relatively simple, Assuming a d-c power 
supply, the cireuit of Figure 1 employs 
only one tube in a bridge cireuit, Bridge 
unbalance ig the output as well as the 
feedback signal, 

The tube is operated as a 40-megacycle 
tuned plate, tuned-grid oscillator which 
is self-biasing. Control of the intensity of 
oscillation is effected by the flag on the 
end of the eleetromechanical beam strue- 
ture, This flag, moving over a total 
distance of approximately 0,010 ineh, has 
complete control of the oscillator output, 
When the flag is nearest the pancake 
type grid coil, the oscillator is out of 
oscillation; as the flag moves away from 
the grid coil, oscillation begins and be- 
comes proportionally stronger, The d-e 
impedance of the tube in the bridge ecir- 
cuit varies with the intensity of oscilla- 
tion, since the grid leak on the tube sup- 
plies negative bias in proportion to the 
oscillator output. 

Thus, what is effectively being done is 
that the flay is varying a resistor in a 
bridge cireuit over the range of 3,000 to 
20,000 ohms with no significant force 
being required in the accomplishment. 

It becomes evident that one possible 
means of transducing would be merely 
to have the input motion position a flag 
with respect to a paneake coil and then 
consider the bridge output as the trans 
duced signal, The frailty of such a setup 
lies in the faet that other factors besides 
the flag motion can affect the output; 
namely, such things as supply voltage and 
ambient temperature changes may cause 
appreciable shifts in the output, 

This last point constitutes the main 
reason for including the feedback link 
and an electromechanical transducer 
which continuously measures both input 
and output signals and arrives at a null 
balance between them by controlling the 
output signal, This null detection prin- 
ciple eliminates dependence upon varia- 
tions in the electronic cireuit, the ac- 
curacy of transducing being a function 
merely of the sensitivity of the torque- 
balance device. 
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Transducing Applications 


Before going into a more rigorous 
analysis of the characteristics of this 
transducer with regard to its servo-sta- 
bility criteria and ultimate accuracy, a 
brief description of some typical applica- 
tions will be presented. 

In Figure 2 the transducer is shown as 
a pressure transducer with a Bourdon 
tube supplying the input signal. Since 
the torque applied to the beam through 
the hairspring is proportional to the 
pressure being measured, when a torque 
balance is obtained, the output current is 
proportional to pressure. This scheme is 
typical wherever the signal being trans- 
duced may be translated into rotary mo- 
tion. 

When the transducer has an electrical 
input, strictly speaking it is not a trans- 
ducer at all, but a d-c amplifier. Low 
level direct currents, such as from ther- 
mocouples and strain gauge bridges, may 
be amplified very accurately to a useful 
telemetering level. Zero drift charac- 
teristics of a wholly electronic d-c am- 
plifier are not present since the feedback 
link goes back to the balance where output 
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and input current are continuously com- 
pared in the same magnetic field. 

One feature of this electromechanical 
d-c amplifying principle is that part of the 
input range may be suppressed by means 
of the hairspring at the beam fulcrum. 
For example, if the temperature band of 
interest for a telemetering channel were 
from 1,000 to 1,500 degrees Fahrenheit, 
the first 1,000 degrees Fahrenheit could be 
suppressed, with the entire output being 
available for the desired temperature 
band. Another point, sometimes valu- 
able, is that the input circuit is completely 
isolated from the rest of the amplifier. 

It should be noted, however, that this 
unit does require current in order to de- 
velop a measurable torque; therefore, it is 
not useful with high impedance input de- 
vices such as piezoelectric crystals. 

The transducer also can be used as a 
computer. It is possible to add and sub- 
tract both electric and mechanical sig- 
nals. Because the coil in the magnetic 
field is wound round, as is a loudspeaker 
voice coil, it becomes convenient to wind 
a number of concentric coils on the same 
form and thereby allow simultaneous ad- 
ditive or subtractive electrical inputs 
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Figure 2 (left). 


which are isolated from each other./, 
Mechanical inputs at the fulcrum can ob 
viously also be additive or subtractive. 
With any combination the feedback 
torque balances out the net resultant 
torque of all the inputs, and the output is 
proportional to this resultant. 


Accuracy 


ee 


Now, an attempt shall be made to set 
up the fundamental relationships govern- 
ing the over-all accuracy of this transduc- 
ing means and to present an analysis of 
the unit’s stability criteria and frequency 
response characteristics. The symbols 
used in this analysis will be those estab- 
lished in Figure 3 and shown in the sec- 
tion entitled Nomenclature. 

In considering the steady-state ac- 
curacy of the transducer, the Microsen 
beam is assumed to be an approximation 
to a null detector that compares the input 
with the feedbag torque. Since the 
beam is not a perfect null detector, the 
current must be expressed as 


I, =K2(6)00+Ks 


In this expression K.(0)0, represents 
the characteristic curve of output current 
versus beam angle, while the constant 
term, K3, represents extraneous shifting 
influences such as line voltage variations 
or tube characteristic changes. In Figure 
4, an IJ, versus 9, curve is shown. Asa 
typical example of the magnitude which 
may be taken by the extraneous shifting 
influences, curves are plotted showing the 
shift in the characteristic with normal line 
voltage variations. 

It is evident that the approximation to 
a null detector becomes better as the total 
6; used becomes larger with respect to the 
total 0, necessary to swing through the en- 
tire output current range. Based on the 
total input angle the percentage error 


Transducer used as pressure transmitter 


Figure 3 (below). Operational schematic 
There are three possible torque inputs: (1) direct torque application to 
beam; (2) direct current producing torque in coils; and (3) angular dis- 
placement of hairspring 
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resulting from shifts in the output char- 
acteristic may be expressed as 

AO 

4; 


% error = 100 


where AQ, is the change in beam angle re- 
quired to return output to the same level 
that existed before the shift occurred. 
Thus, noting in Figure 4 that the maxi- 
mum shift resulting from line voltage 
variation is 0.15 angular degree and 
assuming a total input angle of 30 de- 
grees, the percentage error would be 0.5 
per cent. 


Frequency Response 


To investigate stability and _fre- 
quency response, the transfer functions 
of the system are written as 


Io ie 
Ti—T, Et) = Gt Ret O45) 
7, 
—°=G(s)=6Ki (1) 
Io 


It should be noted that in the fore- 
going transfer functions Ks has been neg- 
lected, since the long time shifts are not 
significant in analyzing system stability. 
Further for the sake of simplicity, K» is 
assumed to be a constant. This is essen- 
tially true for small deflections. 

Because input is torque and output is 
current, H(s) and G(s) are not dimension- 
less quantities. To investigate stability, 
we can write the loop transfer function 
as 


BKK» 1 
4 (s+ a 4 o\c1 1) 
ee. 
(2) 


Examination of equation 2 shows that 
without the time constant 7 of the elec- 
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Figure 4. Characteristics of null detector 
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Nomenclature 


J =inertia of beam, gram centimeters? 

R=velocity damping, dyne centimeters per 
radian per second 

C=spring rate, dyne centimeters per radian 

6;=input angle to hairspring, radians 

6,=deflection of beam, radians 

T;=input torque to beam, dyne centimeters 

T)=feedback torque to beam, dyne centi- 
meters 

J,=current output of amplifier, milliamperes 

E,o=voltage output of amplifier, millivolts 

7J;=current input to amplifier, milliamperes 

E;=voltage input to amplifier, millivolts 

K,=feedback torque per unit of current, 
dyne centimeter per milliampere 

B=ratio of feedback to output current 

K.(0)=K»=output current versus beam de- 
flection 

7=time constant, seconds 

H(s)G(s) =transfer functions per equation 1 


tric amplifier, the transducer would al- 
ways be stable. However, due to this 
delay, BK:K2/J has to be limited to ob- 
tain a safe margin of stability. 

As an example, the case of a voltage 
amplifier will be treated. The input 
voltage E; is being introduced into the 
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B 


dirzioo 
B 


Figure 5. Stability of d-c amplifier 


H(s)G(s) for gain=100 
without delay 
~--— with delay 
A—underdamped 
B—critically damped 


transducer in the form of current pro- 
ducing torque (case “B”, Figure 3). 
Part of the output voltage is being fed 
back into another coil in the same mag- 
netic field producing the restoring torque. 

Neglecting C, which is the torque of a 
small zero adjusting spring and the cur- 
rent carrying leads, we can see in Figure 
5 H(s)G(s) both with and without the 
delay of the electronic amplifier. B is ad- 
justed so as to give a voltage gain of 100. 
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Figure 6. Frequency response of d-c amplifier 


1 
—— +G(s) for gain=100 


H(s) 

— without delay 
—-—-— with delay 
o=100 


A—underdamped 
B—critically damped 
C—overdamped 


A delay of 0.0025 second in the oscillator 
circuit and amplifier will make this system 
unstable if the damping reduces below 
the critical value. The value of the loop 
gain and the damping is of equal im- 
portance in determining the frequency 
response of the transducer. Using the in- 
verse plane method from equation 1 


Ti 1 

Eon 

P= p42 (48 5+) tbes (3) 
Io Ky Jf if 


Neglecting rs for first approximation and 
setting C=0 as before 


2 


Ti 


Io 


2 
= (RP 2IK Kop tot?) 4+Ki38" 
2 


Let R be chosen so that R?—2/K,K.B 
becomes zero, which is equivalent to crit- 
ical damping. 


2 2 Gt 292 
2 2 (ot & ae ) (4) 
This condition cannot be realized for all 
values of 2/K,K2B because R is obtained 
directly only through electrodynamic 
damping. 
Interpreting equation 4, we see that the 
frequency response will be flat as long as 


Ti 
Io 


2 282 

tg Ane (5) 

KKB is the feedback torque produced 
per radians deflection of the Microsen 
beam and K,K.8/J can be called the 
torque to inertia ratio of the system 
which, in turn, determines the frequency 
response. 

However, because of the delay 7, this 
torque-to-inertia ratio must be kept below 
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a value which will cause instability. 
Moreover, the frequency response curve 
is altered slightly by the addition of 
(1+7s) in the equation which is illustrated 
in the following. 

Using the same example of a voltage 
amplifier with a gain of 100, we see in 
Figure 6 the frequency response curve on 
the inverse plane with and without the 
delay. Curve “‘B’’ shows the values for 
critical damping, curve ‘‘A’”’ for slight 
underdamping, which is on the borderline 
of stability, and curve “‘C’”’ for overdamp- 
ing. 

This frequency response is adequate 
for the d-c amplifier and transducer ap- 
plications for which this instrument was 
developed. However, this analysis sug- 
gests various methods of improving this 
response by introducing corrective net- 
works in either the H(s) or G(s) func- 
tions. In order not to impair the steady- 
state accuracy, only passive networks 
must be introduced into G(s). 


Current Transmission System 


At the outset it was mentioned that 
there are basically five established ap- 
proaches to electrical telemetering: the 
current, voltage, frequency, position, and 
pulse-time systems. Up to this point, 
we have considered the Microsen Balance 
only as a transducer supplying a signal 
at a level useful as an input to a tele- 
metering channel. A signal of 5 volts 
direct current can readily be converted 
into a frequency shift in a frequency 
modulation channel, for example. 

However, it should be recognized that 
this transducer also represents a trans- 
mitter for the least complicated of the 
five transmission techniques, the cur- 
rent transmission system. In closing our 
discussion, we shall consider the par- 


ticular characteristics of d-c transmis- 
sion. 

Because the direct current is trans- 
mitted directly, a telemetering system of 
this type requires two wires between 
transmitter and receiver for each vari- 
able. Although several transmitters 
could use a common ground return, it is 
apparent that this system of telemetering 
is restricted to those applications of 
moderate distances where wiring does not 
constitute a great expenditure. 

Wherever a number of signals must be 
simultaneously transmitted over some 
distance, a multichannel system becomes 
imperative. However, where it is ap- 
plicable, current transmission offers com- 
pensation in its great simplicity, espe- 
cially at the receiving end. 

Next to the domestic watthour meter, 
the d’Arsonval type d-c milliammeter is 
the most widely used electric instrument. 
It exists in a great variety of types rang- 
ing from inexpensive, small size meters to 
precision laboratory instruments. Dur- 
ing the last few years a number of in- 
struments with 250-degree dial arcs have 
contributed towards increased readability 
and thereby greater usefulness in indus- 
trial installations. All these instruments 
are directly usable as receivers in this 
current system, it only being necessary to 
select a range to match that of the trans- 
ducer. 

For recording, any of the various self- 
balancing potentiometer recorders may 
be used with a d-c signal. This points up 
one significant advantage of current 
transmission. Standard multipoint re- 
corders may be used for surveying a 
number of variables. This reduces end 
device costs and permits more compact 
controlhouse layouts. 

As the telemetering art progresses 
under the impetus of both aircraft and 


industrial needs, the requirement for c- 
curate transducing becomes more /and 
more important. At the present time, 
transmission techniques have achieved 
levels of precision not attainable by the 
common proportional output transducer. 
It has been the purpose of this paper to 
describe a null-balance type of transducer 
inherently capable of achieving an accu- 
racy comparable to that of present-day 
transmission links. 
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LTHOUGH numerous papers and 

references! are available on the 
subject of frequency compensation of 
a-c instruments in the higher power fre- 
quencies, or up to 5,000 cycles, most 
of these appear to be limited to the study 
of a given design, or range in voltage or 
frequency. A general solution for one 
type of voltmeter compensation is pre- 
sented here. 

Voltmeters of both the electrodyna- 
mometer and iron-vane type are funda- 
mentally milliammeters and measure 
current. When in series with a suitable 
resistance they respond to the applied 
voltage. However, they also have an in- 
herent inductance as well so that as the 
frequency is increased the impedance 
rises and the instrument reads low. If 
the inductance is reduced by using fewer 
turns on the actuating coil or coils, the 
instrument takes more current for normal 
torque to the point where the power 
which must be dissipated is limiting. 

The effect of the inductance on the in- 
strument accuracy may be compensated 
by a capacitor shunted across a portion 
of the series resistance. This is discussed 
by C. V. Drysdale and A. C. Jolley! who 
give the fundamental equations. How- 
ever, instead of obtaining a rigorous 
solution, an approximation is indicated 
which is of little use because it does not 
take into account any particular fre- 
quency range, and certain instruments 
may be much overcompensated if the ap- 
proximation is used, and large errors may 
result. 


The Circuit 
The circuit given by C. V. Drysdale 


- and A. C. Jolley is shown in Figure 1. 
The impedance of this circuit is given 
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by, 


r Cr 
Z=(R- = ia] L-— 
( Saray, aE | ead 
(1) 


Note that if the absolute value of this 
impedance is made the same as the re- 
sistance R, the current through the in- 
strument will be the same as at a low fre 
quency approaching direct current and 
the error at the higher frequency will be 
zero, disregarding for the moment the 
effect of Foucault currents in the iron 
vanes, and incremental inductance as the 
pointer moves. 

Since our attempt usually is to com- 
pensate the instrument for a_ specific 
frequency, it will simplify matters some- 
what to substitute XY, for 1/wC and Y;, 
for wl. Equation | reduces to, 


gap sepet taf x ike (2) 
= R=—r-+-—— Xp Se 
iN eae 
Taking the absolute value by the 
square root of the sum of the squares of 
the in-phase and 7 values, we have, 


RT ora eo rex, 2 
Z= i au aol ee =e 
| a + AXA 


| (3) 
| 


Squaring and rearranging, 


r(r2—2Rr—2X,X¢) 
Z2=4/R24X;2 SESE 
\ +Xi2+ Sarr 


Condition for Compensation 


It is obvious that if the sum of the 
factors to the right of R* equals zero, 
then Z=R and the instrument reads cor- 
rectly. Our criterion for exact compensa- 
tion is, therefore, that in the foregoing 
circuit the several constants be so chosen 
that, 


: r(r2—2Rr—-2NX,X_) 
X,24 0 
ri+NX,2 


=0 (5) 


This may be expanded to 


X 2X p2-—X (2X pr?) + X p27? —2Rr+ 
ri=Q (6) 


Solving equation 6 for .Y,, we arrive at 
that value of capacity reactance which 
gives the entire network the same value 
of impedance as its resistance, at the fre- 
quency in question. There is a consider- 
able phase angle which is not a factor ina 
voltmeter; 
same current in the actuating coil to give 


our concern is to obtain the 


the same deflection, 


Laer \ QRr—X 2 


7) 
XX, 


x 


Use of Values in Terms of R 


Equation 7 gives the value of capacity 
reactance for the indicated factors, and 
these, r, R, and Y, may be used with 
their actual values. However, in this 
analysis and in the actual use of the 
equations and curves it is found much 
simpler to express r, VY, and X, in terms 
of R. This allows for general solutions for 
different instrument mechanisms, and 
conversion back to exact quantities is rel- 
atively simple when the final result has 
been obtained, 


An Example 


As an example of such compensation, a 
typical uncompensated Weston model 
433 instrument for 150 volts may be con- 
sidered, with values rounded off for dis- 
cussion. In this instrument the total re- 
sistance, R=5,000 ohms, The coil re- 
sistance is 1,000 ohms so that 7 may be a 
maximum of 4,000 ohms or 0.8 in terms 
of R. 
this instrument is 0.4 henry. 


The inductance associated with 
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Figure 1 (above). 
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Figure 2 (right). 


This instrument is fundamentally de- 
signed to be satisfactory from 25 to 125 
cycles and to have a frequency error under 
the worst condition, at 125 cycles, of the 
order of 0.2 per cent. Using the fore- 
going method of compensation we may 
analyze what can be accomplished up to 
1,000 cycles using this same mechanism. 

The reactance of 0.4 henry at 1,000 
cycles is 2,500 ohms and, in terms of 
R, X,=0.5. Solving equation 7 where 
R=1, r=0.8 and X,=0.5, we get X,= 
3.14, again in terms of R. Or, X,= 15,700 
ohms and this value at 1,000 cycles is rep- 
resented by a capacity of 0.01015 micro- 
farad, which will exactly compensate the 
inductance at 1,000 cycles. 


Practical Application 


It is obvious, however, that it would be 
difficult to obtain a capacitor of some odd 
exact value, and accordingly, a slightly 
larger capacitor may be used connected 
across a slightly smaller portion of the 
series resistance, since C can be increased 
a little as r is lower. It can be shown, 
however, that the smallest available 
capacitor which will meet the require- 
ments should be used across the largest 
value of 7 since this produces the flattest 
characteristic at lower frequencies. 

In production, the required capacitor 
is solved as in the foregoing paragraphs 
from available data on inductance and 
resistance of a given design. The in- 
strument then is assembled, placed in cir- 
cuit with two dial boxes in series to serve 
as calibrating resistance, calibrated on 
low frequency—60 cycles for example— 
by adjusting one or both boxes, and the 
scale drawn. A stock capacitor of the 
next higher value than indicated by the 
calculation is shunted across one dial box. 
The instrument now is standardized on a 
source of the higher frequency by varying 
the resistance of the box shunted by the 
capacitor, while varying the other box to 
maintain their sum resistance the same as 
at low frequency. The final values of 
resistance are recorded, and spools or re- 
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Circuit diagram of a compensated volt- 


Showing frequency errors in a 5,000-ohm 

voltmeter having 0.4-henry inductance and compensated at 

various frequencies; the curves are marked with the parameter 
X_/R for the compensated frequency 


PER CENT ERROR 


sistance sheets are adjusted to those 
values and connected in place within the 
instrument, 


Errors at Other Frequencies 


Since, in equation 4 the several factors 
to the right of R* represent the error in- 
troduced, and are small with respect to R, 
we can use the approximation that the 
error is half the sum of the terms to the 
right of R?, or, 

Xp? 1X ,Xo+Rr—1r?/2) 


Error = har EX A = (8) 


When R=1 and other factors are in 
terms of R, this gives the error directly in 
terms of the reading. When the com- 
pensation is perfect, this value, of course, 
reduces to zero. Note that in this equa- 
tion for other frequencies the term X,X, 
is constant with frequency. Accord- 
ingly, in an analysis of the frequency er- 
rors in a compensated instrument, the 
numerator of the second term in equation 
8 is constant and the only terms that vary 
are X,” in the first term and X,” in the de- 
nominator of the second term. 

As an example of the frequency errors 
involved in a 150-volt instrument as de- 
scribed, without compensation, and as so 
compensated, the errors in per cent of the 
reading are given in Table I. While 
these are calculated values, no difference 
could be discerned in actual tests of the 
final instrument. 

Up to 1,100 cycles the compensated 
instrument has a frequency error of less 
than 0.2 per cent whereas the standard 
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instrument is within 0.2 per cent only up 
to 125 cycles. This gives a net gain of a 
nearly tenfold expansion of frequency 
coverage at the expense of a small capac- 
itor. Similarly, the same instrument 
can be compensated at other frequencies 
to determine the extent to which the 
method may be used. In the exainple, if 
compensated at 400 cycles, X,/R=0.2 
and at 1,800 cycles X,;/R=0.9. The re- 
sulting instrument errors are shown in 
Figure 2. From these curves it will be 
noted that the error at 10 per cent above 
the compensated frequency is approxi- 
mately equal to the greatest error at 
lower frequencies; hence it is customary 
to compensate at 90 per cent of the high- 
est frequency to be covered in the interest 
of least error. 

This general approach also allows for 
the use of curves to obtain the capacity 
values. Figure 3 shows the relationship 
between the required capacity reactance 
at the compensated frequency and the 
actual capacity for the example cited, 
both for r/R=0.8. For other resistance 
ratios a family of such curves can be de- 
veloped giving X,/R for various values of 
xX t/ Ie 


Other Errors 


If the higher frequency adjustment is 
made at about 80 per cent of full scale, it 
will balance well at other points where 
the inductance is slightly different owing 
to the position of the moving system. 
Only in the case of very high accuracy re- 
quirements—0.25 per cent instruments, 


Table |. Frequency Errors of Standard and Compensated Instrument, in Per Cent 
Frequency, cycles 
Per SECONd sn wks 60-'.. 100... 200 .. 400,.... 600... 800 .. 1,000.. 1,200; aga00 
Standard : 
instrument........ —0.05 ..—0.18..—0.50.. —2.00.. —4.50.. —8.00.. —12.50.. —18.00.. —24.50 
Compensated 
instrument........+0.003..+0.01..+0.03.,+0.12..+0.20..+0.19.. 0.0 .. —0.50.. —1.49 
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does a scale error become a factor. Fur- Table Il. Maximum Frequency Errors in Per Cent, up to the Compensated Frequency, for 
ther, although the foregoing analysis is r/R=0.8 
based upon maintaining Z=R, a high- Te Tay 
ae SO a ie Cetera One Oe Oat OLSs< Ont aOR 121 One. 0-400) 35 012 ey OC 
frequency error exists 10 a current meter Uncompensated instrument... .41.4..34.6..28.1 2 tel OAG! eel O end sO, «nkeO” ee neste: 
(something less than 0.8 per cent per Compensated instrument...... 4.2.. 2.5.. 1.5.. 0.78.. 0.42.. 0.20. .0.08..0.024. .0.005. .0.0003 


1,000 cycles for iron-vane instruments, 
much less for electrodynamometers). But 
by actually calibrating as shown, the im- 
pedance is slightly overcompensated to 
give the same end result. 


Multiple Range Instruments 


Adding a series resistance multiplier to 
an instrument compensated as described 
will give an overcompensated result; 
hence unless the compensation has been 
small, it appears necessary to use indi- 
vidual series resistors, each with its ap- 
propriate capacitor, for multiple range 
instruments. 


Further Analysis 


It can be seen from Figure 1, and can 
be proved by analysis, that the maximum 
frequency error in such a compensated 
voltmeter, below the compensation fre- 
quency, occurs at 70 per cent of that fre- 
quency. A formula for this error has been 
de ;ived from equation 8, but expressed in 
terms of rand X;. This allows for a rapid 
calculation of the maximum frequency 
error up to the compensated point, in 
terms of y and X,, each in terms of R. 


Error at 0.7f= 
X,4 
8r?-+-16r+16r 0/2r—X,2—4X,? 


(9) 


Where f is the compensated frequency. 
Since the ratio of series resistance to 
total resistance is usually over 0.8 as re- 
quired for temperature compensation, we 
can assume r= 0.8 in equation 9, and note 
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the resulting errors for various values of 
the reactance in terms of the total re- 
sistance in Table II. Errors of the un- 
compensated instrument also are shown. 

The errors resulting from various values 
of both X;, and 7 in terms of R, are plotted 
in Figure 4. Knowing the series re- 
sistance in terms of the total, and the 
reactance at the desired frequency in 
terms of the total resistance, an immedi- 
ate indication of the maximum frequency 
error up to some 10 per cent above the 
compensated frequency can be had by 
inspection. 


A compensated voltmeter, 25 to 
2,500 cycles 


Figure 5. 


Miller—Frequency Compensation of A-C Instruments 


The importance of shunting the cor- 
recting capacity across the maximum 
amount of series resistance also can be 
noted from these curves. For example, 
when X,/R=0.5, if the capacity is across 
80 per cent of the total resistance the 
maximum frequency error is about one- 
third as great as it would be if shunted 
across only 30 per cent, assuming in both 
cases perfect correction at the compen- 
sated frequency. 

It should be noted that this analysis is 
entirely in relative values, hence is ap- 
plicable to all voltmeter ranges. As a 
matter of interest, a 150-volt instrument 
compensated to 1,000 cycles, iron vane or 
electrodynamometer, takes just about 
0.01 microfarad. A 15-volt range takes 
1.0 microfarad, and a 1.5-volt range can 
be compensated with 100 microfarads. 
And all ranges, if of the same proportions, 
that is, the same mass of coil copper and 
turns inversely proportional to the voltage 
range, will have the same frequency er- 
rors in per cent. 


Limits of the Method 


In the foregoing example a standard 
mechanism was used, with moderate loss 
and normal torque. However, the in- 
ductance can be decreased materially 
through the use of fewer turns on the 
actuating coils, although this requires 
more current for a given voltage. To 
some extent this can be balanced by a 
reduction in torque to the point where a 
single range electrodynamometer instru- 
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ment, for example, only slightly sub- 
normal in torque, and taking power some- 
what in excess of normal, can be designed 
to be within 0.5 per cent of full scale on 
direct current and at all frequencies from 
25 to 4,000 cycles. 


Wattmeter Compensation 


In a wattmeter or varmeter we are con- 
cerned with both magnitude and phase 
angle of the current in the potential 
system. 

However, the moving coil of a 
wattmeter usually has a very small in- 
ductance and the current magnitude 
changes very little; the phase angle may 
shift considerably, however, at the higher 
frequencies, and is particularly important 
at low power factor. Phase angle cor- 
rection in the moving coil circuit is ob- 
tained when, in equation 2, the j factor 
becomes zero, or when, 


r2X¢ 
PX, 


L (10) 

This cannot be done and at the same 
time maintain the correct magnitude, but 
the fact is that the inductance in the 
moving coil of a wattmeter is so small 
that the magnitude error may be disre- 
garded and correction made only for 
phase angle even though this does change 


the magnitude a very small amount. In 
the practical sense this is when Xz is less 
than R/30 and, when this is so, equation 
10 may be further reduced to the ap- 
proximate though adequate equation, 

E 


C= 
ye 


(11) 


This is the equation given in the litera- 
ture for wattmeter phase angle correc- 
tion. 


Conclusions 


Through the use of a rigorous solution 
of the network of a voltmeter, frequency 
compensated by a capacitor in shunt to 
its series resistance, it has been possible 
to easily evaluate the resulting errors at 
other frequencies for any given instru- 
ment. Placement of the data in curve 
form allows for immediate estimate of the 
error limits for any design and indicates 
those parameters which are controlling to 
any end requirement. 

Fortunately this analysis was made in 
1941 and allowed for the practical manu- 
facture of many types of relatively pre- 
cise voltmeters for the higher frequencies 
as required by the Armed Forces. One 
such type of portable instrument made in 
large quantity is shown in Figure 5. 
With a range of 150 volts, and a loss of 9 


watts at full scale, the over-all error from 
25 to 2,500 cycles was guaranteed not 
over 11/4 per cent of full scale and ran 
much less in production. 

It also might be pointed out that in- 
struments compensated to 1,000 cycles, 
for example, are excellent for measure- 
ment of bad wave forms at lower fre- 
quencies, since they properly evaluate the 
higher harmonics. 

With the approach described an irit 
crease in frequency coverage of nearly ten 
is obtained with a given mechanism and 
with the original error limits. This is had 
at the cost of a suitable capacitor, a prac- 
tical manufacturing procedure, and the 
necessary simplified engineering analysis 
of each design combination. 
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Discussion 


B. E. Lenehan (Westinghouse Electric 
Corporation, Newark, N. J.): We applied 
this method of compensation several years 
ago to recording instruments by using ex- 
perimental methods. Later, an analysis 
was made which gave the same result as 
equation 7 of this paper, in a slightly dif- 
ferent form. From this point, our analysis 
followed a different path leading to some re- 
sults in addition to those given by Mr. 
Miller. 

Equation 7 becomes imaginary when 
X,* is greater than 2Rr. This gives an 
upper limit of frequency for which an in- 
strument can be compensated. For the in- 
strument in the example, this is 2,536 cycles. 

It is possible to expand the expression in 
equation 7 into a series whose terms can be 
represented by circuit elements 


The first term of this series can be repre- 
sented by a capacitor 


a £E 
r+40/2Rr 
The second term is an inductance 
re Lif _LW1/R 
2V2Rr 20/2 


The third term can be approximated by 
adding a capacitor 


c 


Cin ee 

arr/ 2Rr 
in parallel with L’, the resultant parallel im- 
pedance of L’ and C’ supplying the second 
and third terms of the series. Perhaps still 
closer approximations are possible with 
more circuit elements, but there are practical 


Uncompensated instrument 


a= (2) 


First approximation (adding C) 


“ashe 
R\R R 


. P4rv/2Rr rXy, reasons for stopping with two terms and ! ; : 
x= x — not using the third term. For one thing, The equation for the third approximation 
AL 20/ 2Rr the inductance, L, of the instrument is nota error has not been worked out. Using the 
xX,;3 constant for all pointer positions. example given, the errors for these circuits 
ieRw/oRr These values give results with errors all on are given in a form corresponding to Table I 
16RV 2Rr the negative side. The errorequations are: in this discussion. 
Table |. Frequency Errors in Per Cent 
Frequency, cycles per 5 i 
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The variation of inductance with pointer 
position will cause errors of about the same 
size as the second approximation errors 
given, making the third approximation of no 
practical value except for zero-reading in- 
struments. The second approximation is 
useful, since it only requires a fixed coil in 
series with the capacitor used in the method 
given. 


Ralph M. Rowell (General Electric Com- 
pany, \\West Lynn, Mass.): This paper 
covers a very logical approach to the prob- 
lem of compensating a-c instruments for 
use over a frequency range and is particu- 
larly timely considering the increased use of 
higher frequency systems. It presents much 
useful data for obtaining best average 
values of compensation and simplifies the 
calculation of proper compensating values. 

We feel, however, that the simplicity of 
the problem has been unduly stressed. 
While some standard instruments un- 
doubtedly could be compensated to give 
errors as shown in Table I of the paper, 
many instruments using standard windings 
would have excessive errors at intermediate 
points when compensated for 1,000 cycles. 
This is particularly true when the induct- 
ance/resistance ratio is relatively high. 
While a brief reference is made to the fact 
that inductance can be decreased materially 
by the use of fewer turns on the actuating 
coil at the expense of higher input, the im- 
portance of this has been minimized. From 
a study of a large number of instruments it 
appears that such a reduction in inductance 
and corresponding increase in burden is 
necessary in a majority of cases to secure 
compensation which is sufficiently flat over a 
wide frequency range. As an example, one 
sample of the compensated voltmeter shown 
in the paper (Figure 5), which was recently 
tested, requires 8 volt-amperes, compared 
with 2.5 volt-amperes for a standard instru- 
ment of the same voltage. 

The statement also is made that “only in 
the case of very high accuracy require- 
ments—0.25 per cent instruments, does a 
scale error become a factor.’’ Our experi- 
ence has indicated that with normally high 
values of inductance which vary consider- 
ably with pointer position, compensation 
will vary materially at different parts on the 
scale. It should be pointed out that special 
low-inductance high-burden instruments are 
very generally employed to reduce the 
effect of these variations to a minimum and 
to secure satisfactory accuracy over the 
usable scale range. 

Since this paper is designed to be of a 
general nature and not to apply to any 
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specific design, it is desirable that all major 
effects be evaluated. Compensation for a 
single particular frequency or a single scale 
point is indeed a simple matter, but com- 
plete compensation over a wide frequency 
range and over the entire usable portion of 
an instrument scale often requires consider- 
able change in the instrument constants as- 
sociated with obtaining lower circuit induct- 
ance and consequently higher volt-ampere 
burdens. This assumes, of course, that no 
sacrifice of torque or torque-to-weight ratios 
is permitted. 


R. F. Estoppey (Weston Electrical Instru- 
ment Corporation, Newark, N. J.): Brief 
mention is made in the paper of errors such 
as scale error, caused by the change in induct- 
ance, and the error in multiple-range in- 
struments using series resistance multi- 
pliers. Further discussion of these errors 
may be of interest and to show how con- 
venient it is to use the error equation (equa- 
tion 8 of the paper) for estimating these 
errors. 

On 0.25 per cent instruments of the elec- 
trodynamometer type it is considered good 
practice to hold the frequency error to less 
than 0.1 per cent of full scale. Assuming 
that r/R will be 0.9, Figure 4 shows that the 
maximum X,/R allowable for a maximum 
error of 0.1 per cent up to the compensated 
frequency will be approximately 0.45. A 
typical 150-volt instrument has an induct- 
ance at the 130-volt mark of 0.108 henry 
and a total resistance of 4,000 ohms. If it is 
assumed that the compensated frequency is 
2,650 cycles, then X;7,/R equals 0.45, and the 
maximum error at the 1380-volt mark will be 
0.1 per cent. At the 150-volt mark the in- 
ductance increases 5.5 per cent to 0.114 
henry and X;,/R becomes 0.475. If this 
value of X;,/R is used in the error equation 
(8) along with the assumed value of 0.9 for 
r/R and a value of X,/R = 4.3278 com- 
puted by equation 7 where X,/R is 0.45, 
then the error equation shows an error of 
0.75 per cent. This means that the indica- 
tion will be low by 0.75 per cent at full scale 
if adjusted at the 130-volt mark. The same 
calculation can be made at other scale 
voltages below 130 volts, and it can be shown 
that the error in per cent of full scale also 
will reach a maximum of approximately 
0.75, this error being in the opposite direc- 
tion. 

Lower values of X,/R will decrease the 
scale error and for values of X;,/R of 0.3, 
0.2, and 0.15, the error for this instrument 
becomes 0.31, 0.14, and 0.08 per cent, re- 
spectively. | At 1,000 cycles the value of 
Xz/R becomes 0.17, which is a scale error of 
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approximately 0.1 per cent, and therefore 
1,000 cycles is the top frequency to which 
the instrument can be compensated ac- 
curately. 

Iron-vane instruments usually have a 
smaller change in inductance with a change 
in position of the moving element, and in 
most cases the maximum value of X1,/R is 
limited by the error at 70 per cent of the 
compensated frequency as given in Figure 4. 
Each type of instrument must be considered 
for both of these errors, and the proper bal- 
ance between total inductance, inductance 
change, and frequency must be evaluated to 
arrive at an optimum design. 

The error caused by doubling the range by 
using a series multiplier can be evaluated by 
using the error equation (8). For the pre- 
vious example, where the instrument was 
compensated at 2,650 cycles, adding series 
resistance will double the total resistance, 
and the values of r/R, X,/R, and X,/R ob- 
tained for the low range will be halved. By 
using these new values in the error equation, 
an error of (0.93 per cent (high) is computed. 
Using the values of r/R, X1/R, and X./R 
obtained at 1,000 cycles in the error equa- 
tion in the same manner gives a value of 
0.12 per cent (high) for the error. This 
shows that it is possible to add series re- 
sistance to the low range to obtain the higher 
range if the instrument is compensated to 
1,000 cycles, which will be the case, other- 
wise the scale error would be excessive. 

The calculation of the high-range error 
assumes that there is no error as a current 
meter due to eddy currents. When the in- 
strument is compensated it is slightly over- 
compensated as a voltmeter in order to com- 
pensate for both errors, and in actual prac- 
tice it is found that the error for the higher 
range in series will be less than the calcu- 
lated value. This can be proved by assum- 
ing that an infinite range is added. For this 
condition, the resistance is so high that X, 
and X, are negligible, and the error as a 
current meter is no longer compensated, 
resulting in a low indication equal to the 
eddy-current error. This same reasoning 
applies at lower resistances, and in some 
cases it is possible to obtain compensation on 
the high-series range by means of the eddy- 
current error, 

It should be noted that the values used in 
this discussion are in relative values, and 
while the typical example uses a specific 
range and frequency, the errors obtained 
will be the same for other ranges and fre- 
quencies for the same values of X;,/R and 
r/R. These errors change very little for 
other values of 7/R from 0.8 to 1.0, which 
makes it very convenient to work with only 
X,/R in design analysis. 
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A New Lightweight Rapid Transit Motor 


R. A. PETTERSEN 


ASSOCIATE AIEE 


Synopsis: A broadening application field 
for the Presidents’ Conference Committee 
(PCC)-type electric car has introduced new 
and more severe requirements in the design 
of its propulsion equipment, This has re- 
sulted in a new traction motor embodying 
the latest progress in design and manufac 
ture and particularly suited to dynamic 
braking at the high operating speeds cur 
rently coming into vogue 


New Service Requirements 


Hi application of the PCC ear to 

high-speed suburban service and the 
utilization of the same propulsion equip 
ment for lightweight rapid transit service 
have set the stage for a redesign of this 
equipment to meet the new performance 
demands, Whereas a speed of 35 miles 
per hour (mph) rarely was execeded in 
city service, speeds of 50 mph and above 
may be expected in rapid transit and 
suburban operation, Coincident with the 
increase in top speed is the requirement 
that dynamic braking be made available 
from these speeds without injury to the 
motor from overvollaye, 


Design Improvements 


In designing to meet the above condi 
tions, other improvements have been in 
corporated in the new motor to obtain 
more performance per pound of weight, 
In general, these improvements include: 


1, Better commutators, 

2, Vetter utilization of space, 
3. Wedged armature slots, 

4. Better insulation materials, 
5. Simplified bearing assemblies 


Paper Sledl, recommended by the ALM Land 
Transportation Committee and approved by the 
ALM Technical Program Committee for presenta 
tlon at the ALM Winter General Meeting, New 
Vork, N, V., January 22626, 1951, Manuseript 
submitted October 16, 1050; 
printing November 22, 1050 
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made available for 


The net result is a motor differing both 
electrically and mechanically from its 
predecessor. An increase in the number 
of commutator segments and a shortening 
of the core allow an increase in the dy- 
namic braking voltage. Refinements in 
the mechanical construction render the 
new motor better able to withstand the 
centrifugal forees experienced in high- 


speed operation, 
Motor Description 


The new motor, illustrated in Figure 1, 
is rated 55 horsepower at 300 volts. The 
frame is designed so as to be suitable for 
the same truck mounting as the earlier 
motors, It has the same outline dimen- 
sions in spite of the fact that the armature 
diameter has been increased sub- 
The characteristics shown in 


core 
stantially, 
Figure 2 are such that cars equipped with 
these motors will have the same operating 
characteristics as present cars equipped 
with the earlier motors, 

Construction details of the new motor 
are shown in the Jongitudinal section, 
Vigure 3. The commutator is of the arch- 
bound design instead of the Vee-bound 
previously employed, In the arehbound 
commutator, the cap and shell exert pres- 
sure only on the bottom side of the Vee in 
the segments, thereby retracting the bars 


Figure 1. New 55-horsepower, 300-volt, d-c 
lightweight rapid transit motor 
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toward the center of the commutator 
and building up the desirable high ‘‘arch”’ 
pressure between adjacent bars. This 
change is in accord with the modern 
trend in motor design and is a highly de- 
sirable improvement. In addition, the 
segments and steel parts have been 
strengthened to increase their ability to 
withstand high-speed operation. The 
commutators are seasoned by repeated 
cycles of heating and cooling while re- 
volving at high speeds, followed by 
tightening. 

The use of wedges has replaced the core 
binding wire for holding the windings in 
the slot. This eliminates the banding 
losses and also provides greater me- 
chanical strength. Skewed slots are em- 
ployed to minimize magnetic noise, an 
especially desirable feature on truck- 
mounted motors connected through 
metal-to-metal contacts all the way to the 
car body. The armature shaft, which can 
be replaced without disturbing the wind- 
ings or the commutator, has been in- 
creased in diameter to add stiffness for 
high-speed service. Hot-stacking of the 
core on the shaft has dispensed with the 
shaft keys. The omission of the com- 
mutator key permits a more accurate line- 
up of commutator segments with the core 
slots, 

Bearing assemblies have been sim- 
plified to facilitate maintenance without 
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Figure 2. Motor characteristic curves on 300 
volts, gear ratio 7.17 to 1, wheel diameter 28 
inches 
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SPEED- MILES PER HOUR 


1 SHAFT 16 COM.F'LD COIL j 4 a . 

2 BEARING HOUSING \7 EXC.F'LD COIL Figure 3 (left). Longitudinal section through motor 

3 FLINGER 18 ARMATURE . 7 - : :, . 
4GREASE FITTING 19 POLE PIECE BOLT & LOCKWASHER Figure 4 (above). Dynamic braking curve for rapid transit train of 
5 GASKET 20 MAGNET FRAME two cars each equipped with four motors, gear ratio, 7.17 to 1, wheel 


21 CAPSCREW & LOCKWASHER 
22 FRAME HEAD 


6 BALL BEARING 


7 BEARING CAP diameter 28 inches 


8 NUT 23 GASKET 

9 LOCKWASHER 24 BEARING CAP 
10 CAPSCREW & LOCKWASHER 25 CAPSCREW & LOCKWASHER 
11 PIPE PLUG 26 COUPLING HUB 


commutator bars. The ‘ 


12FRAME HEAD 

13 CARBON BRUSH 

14 BRUSH HOLDER 

15 CAPSCREW & LOCKWASHER 


28 NUT 
29 COLLAR 


2 
sacrificing performance. The com- 
mutator end ball bearing, which locates 
the armature longitudinally, is carried in a 
cartridge-type assembly that fits into the 
bore of the framehead. The pinion end is 
fitted with a roller bearing to take up 
longitudinal movement of the armature. 
When the armature is removed, the com- 
plete bearing assemblies are removed with 
it—a feature that prevents the bearings 
themselves from being exposed to dirt. 
The armature conductors themselves are 
insulated with permafil-treated glass, and 
the ground insulation is mica and 
glass. 


Dynamic Braking 


The most significant contribution of- 
fered by the new motor is in the extended 
range of dynamic braking. The braking 
characteristic for a particular lightweight 
rapid transit application is given in 


27 LOCKWASHER 


30 ROLLER BEARING 


Figure 4. This curve shows the range of 
braking effort available per motor for a 
7.17 gear reduction and 28-inch diameter 
wheels. Also shown are the dynamic- 
braking rates available for a car weighing 
45,000 pounds empty, 52,000 pounds with 
average passenger load, and 70,000 
pounds with maximum load. 

Below 40 mph, and down to approxi- 
mately 11/2 mph where dynamic braking 
begins to fade, the maximum braking 
effort is obtained with full field strength 
on the motor. The armature current is 
held constant over this range by reducing 
the resistance load across the motor, 
which is operating as a series generator. 
Since the generated voltage on full field 
is directly proportional to speed, some 
means must be employed to hold the 
value within practical limits as speed is 
increased. The determining factor in ar- 
riving at the maximum desirable braking 
voltage is the volts developed between 


volts per bar” 
will not bé uniform around the com- 
mutator, but will vary because of flux 
distortion due to armature reaction. 
Experience has shown a value of 40 
peak volts per bar to be the practical 
operating limit for .045-inch commutator 
side mica. In order not to exceed these 
limits when operating at speeds from 40 
mph to the maximum of 58 mph, field 
shunting is employed to reduce the gen- 
erated voltage while holding a constant 
value of load resistance across the motors. 


Conclusion 


A test car equipped with the new 
motors has been operating for some 
months in high-speed suburban service on 
the City of Shaker Heights, Ohio, transit 
system. The performance of this equip- 
ment over the maximum speed range in 
both motoring and dynamic braking has 
given conclusive proof of the success of 
the design and has established the signifi- 
cant contribution which the new motor 
will make toward the development of 
modern transit systems. 
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A New Lightweight Rapid Transit 
Control Equipment 


1. W. LICHTENFELS 


ASSOCIATE AIEE 


Synopsis: The application of the Presi- 
dents’ Conference Committee (PCC) car in 
rapid transit service led to the development 
of a new control known as type MCM. 
This is primarily an all-cam control system 
comprising two motor-operated controllers. 
One controller, called the circuit controller, 
establishes various main and control cir- 
cuits for power, braking cushioning, field 
shunting, and reversing. A second similar 
controller, called the resistance controller, 
varies the main motor circuit resistance to 
hold rate of accelerating or braking as de- 
sired. 


Why a New Control System 


INCE its inception more than 15 

years ago, dynamic braking, for ex- 
ample, has been speeded up and refined 
to the point where it is now used at full 
rate until the vehicle is practically at a 
standstill. As maintenance information 
is accumulated it is distributed regularly, 
to assure the best maintenance and re- 
liability. We then may naturally ask, 
Why a new control system? The impel- 
ling reasons for the new control are two: 
increased weight and higher speed of the 
new The original 82,000-pound 
PCC car has grown to weigh as much as 
45,000 pounds, 


Cars, 


Part of this additional 
weight is in the couplers, draft gear, and 
stronger frame members necessary with 
multiple-unit operation. Maximum oper- 
ating speed has been increased from 40 to 


55 miles per hour. This is advantageous 
in rapid transit service with less frequent 
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H. G. MOORE 


MEMBER AEE 


stops, as it provides higher schedule 
speed. 


Design Considerations 


In designing a control system certain 
fundamentals must be remembered. First, 
the purpose of a control system is pri- 
marily to translate the wishes of the car 
operator into car movement so as to 
transport people quickly but comfortably 
and safely. Putting this another way, 
electric circuits, timing, and rate of ac- 
celeration and deceleration must be con- 
trolled. 

Second, mechanical design must 
provide maximum life with low main- 
tenance cost. With this objective in 
view, cam operation was chosen since it 
greatly reduces impact stresses. Another 
source of maintenance expense, contact 
erosion, has been reduced by using cam 
action to force contact opening. Besides 
providing positive interlocking, cam oper- 
ation permits the use of a large number of 
switches without great increase of cost or 
complication. Except for the main line 
circuit breaker equipped with overload 
protection, all magnetic power switches 
have been eliminated and only five main 
units are equipped with blowouts. 


Figure 1. Cam-operated control contact 
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Assembling a System 


Manufacturers and operators have a 
common and impelling interest in reduc- 
ing the number and complexity of the 
different parts which enter into the con- 
struction of electric equipment. An ideal 
system is one which can be assembled 
from identical and simple components of 
a relatively few types, much like the 
building of a structural toy. The system 
described here takes fullest possible ad- 
vantage of such techniques. It is prin- 
cipally constructed of the following parts: 


36 cam-operated control contacts, illus- 


trated in Figure 1. 


47 main contact units, illustrated in Figure 
2. 


2 identical drive units, illustrated in Figure 
33 


6 relays with identical frame and contact 
components, illustrated in Figure 4. 


9 resistor units, illustrated in Figure 5. 


These parts, assembled on a frame- 
work with the addition of a current-reg- 
ulating relay and a separate protecting 
line circuit breaker with overload, com- 
prise the main propulsion control equip- 
ment of a PCC car. Figure 6 is a sche- 
matic connection diagram including cam 
development. The sequence of switch 
operation is determined by the contour 
of the cams which open and close the 
switch units. Train line signals operate 
low-energy relays to translate the opera- 
tor’s wishes into controJler movement. 


Heat Dissipation 
Full dynamic brake application at 40 


miles per hour requires an output of ap- 
proximately 250 horsepower from each 


. 
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Figure 2. Cam-operated main contact ¢ 


Figure 3. Controller drive unit 


55-horsepower motor, or 1,000 horsepower 
for one car. A 10-car train represents a 
peak of 10,000 horsepower at the opera- 
tor’s command, to be dissipated as heat 
in the main motor resistors. Figure 5 
shows one of the nine units of the resistor 
package assembly. This is an adaptation 
of the design used on locomotives with 
dynamic braking. All units are series 
blown and the individual units are shaped 
for most efficient utilization of cooling 
air. 


Built-in Features 


Simplicity was achieved primarily by 
building in certain features as inherent 
parts of the system. For example, with 
cam operation no crossinterlocking be- 
tween power and brake circuits is neces- 
sary, simply because the cam contour 
makes simultaneous closing of conflict- 
ing switches impossible. Control of the 
motor field strength is built into the con- 
troller. Probably the greatest simplifica- 
tion for train operation was achieved by 
including the reverser as part of the cir- 
cuit controller. For forward motion, the 
controller moves in one 180- degree sector 
and for reverse in the other. To accom- 
plish this, it was necessary merely to use 
cams cut on both sides. 


‘ ‘All-Electric”” Cars 


The majority of PCC cars built in the 
last ten years have been “‘all-electric.”’ 
Reliability of all-electric operation in per- 
forming primary car deceleration with 
dynamic braking supplemented by mag- 
netic rail and solenoid-actuated drum 
brakes is a matter of record. Now a fur- 
ther step has been taken by the use of an 
all-electric notching control. An out- 
standing advantage of this new notching 
system is fast operation, such as is neces- 
sary with high-rate operation, but with- 
out destructive shock loading of parts. 

Il shocks incident to stopping and start- 
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Figure 4. Auxiliary relay group 


ing the controller are absorbed in the 
magnetic circuit of the small driving 
motor. Magnetic cushioning of shock 
loads is a fact of great importance when 
we consider that the controller may stop 
and start millions of times a year. 


Package Unit 


To simplify resistor cooling, wiring, 
installation, and maintenance, all main 
propulsion-control equipment is factory 
assembled in a package unit, as shown in 
Figure 7. All contact tips, relay con- 
tacts, and Jubrication points are acces- 
sible from the outside of a rectangular 
box formed by the resistor assembly. 
Resistors are in the form of individual 
honeycomb units held in place by two 
bolts, and a unit can be slid out readily 
and replaced in about ten minutes. The 
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Figure 5. Honeyccmb-type resistor unit 


entire assembly is supported by four 
mounting bolts. It can be removed 
readily since most wiring is internal, and 
connections for external wiring are 
brought to convenient terminal points. 


Resistor Proportioning 


Prior types of control for PCC cars 
were generally of the multistep variety, 
in which the magnitude of individual 
accelerating and braking steps was limited 
by considerations other than the per- 
missible increment of current or motor 
torque as each section of resistance was 
cut out. 

As a consequence, the actual num- 
ber of steps was not significant as a 
factor in the smoothness of acceleration 
or of dynamic braking. With the cam- 
operated contact units of this new con- 


BI Figure 6. Schematic 

diagram of main cir- 

cuits, and switch 
sequence 


PI yin te 


3-4 32-33 


pst 


RESISTOR CONTROLLER 
RENT OCCRCEEEEESER REESE ANE RE 
COME rH feletetatat = 


B2 


eet tet ie 


le| 


Lichtenfels, Moore—Rapid Transit Control Equipment 


Figure 7. Assembled control group for type- 
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Figure 9. Acceleration curves with resistance 
steps proportioned for equal incremental im- 
pulses 


Figure 10. Complete acceleration and brak- 
ing curves for typical MCM control 


500 


1000 


1500 


2000 


2500 


BRAKING EFFORT PER MOTOR— LBS. 


35 33 


3000 


25 24 


33 22 of 20 9 |B 7 @ 6 
DYNAMIC | BRAKING STEP 


trol system, however, the ohmic value of 
each step is limited only by (a) the re- 
sponsiveness of the current-regulating 
components of the system, relative to the 
timing and rate of change of motor cur- 
rent, to “sense” each step, and (b) by 
passenger consciousness of the pulsating 
forces in acceleration and braking. The 
latter limitation has ied to a new concept 
and principle regarding the proportioning 
of a proper number of steps in both ac- 
celerating and braking. 

Heretofore, it has been considered gen- 
erally that an ideal acceleration was one 
in which the current (or torque) varied 
between constant maxima and minima, as 
illustrated by Figure 8. The art is well 
versed in the theoretical calculation of 
resistors on this basis, where the ohmic 


values of successive resistor sections are 
related by a geometric progression. It is 
well known, however, that where such 
steps come in rapid succession, a sensa- 
tion of jerkiness can be felt under certain 
conditions, 

A study of this problem and an analysis 
of recording accelerometer charts quickly 
led to the conclusion that the duration 
of each step was as great a factor in sens- 
ing steps as the magnitude of tractive ef- 
fort increment. Accordingly, it was de- 
termined that the resistor sections should 
be proportioned for uniform maximum 
“incremental impulses’ (products of 
tractive effort increment and step dura- 
tion) of such magnitude that the steps 
normally are perceptible only by a sensi- 
tive accelerometer. Figure 9 illustrates 


this principle, the crosshatched areas of 
each step being equal. 

This new concept was applied to the 
proportioning of resistance steps for 
dynamic braking as well as for accelera- 
tion. The resulting complete set of ac- 
celerating and braking curves is shown in 
Figure 10. Because nearly all the re- 
sistance sections are used in both accelera- 
tion and braking, and because of the wide 
range required in tractive and braking 
efforts, the actual ‘incremental impulses”’ 
are far from uniform, but in no case do 
they exceed the permissible value deter- 
mined by service tests. Application of 
the principle, however, permits attaining 
a high standard of passenger comfort 
notwithstanding the use of a relatively 
few accelerating and braking steps. 


a 
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Electric Equipment and Performance of 
Lightweight Rapid Transit Cars 


W.R. ELLIS 


ASSOCIATE AIEE 


Synopsis: The success of the Presidents’ 
Conference Committee (PCC) car in city 
service has led to the development of a 
standard lightweight rapid transit car 
through the collaboration of the American 
Transit Association, the Transit Research 
Corporation, and interested manufacturers. 
The basic features and equipment of the 
PCC streetcar have been retained except 
where conditions peculiar to rapid transit 
service dictated modifications. 


History 


INCE 1936, when the first production 

model PCC car went into operation 
in Brooklyn, all street railway equipment 
purchased for city transit service has been 
of the PCC type except for a few cars 
which had modifications of the PCC 
electric equipment. As of September 1, 
1950, there were 4,899 cars in service or on 
order on 26 properties in the United 
States and Canada. This growth is re- 
corded in Figure 1. During this 16-year 
period, the PCC car equipment has 
undergone many changes in component 
parts to reduce operating and mainte- 
nance expense and at the same time to 
increase the rider appeal of the car. 

In 1940 a définite step was taken in the 
direction of rapid transit service when the 
first cars equipped for multiple-unit 
operation were placed in service by the 
Pacific Electric Railway Company. 
About the same time cars consisting of 
three articulated units mounted on four 
trucks were placed in operation by the 


Paper 51-33, recommended by the AIEE Land 
Transportation Committee and approved by the 
AIBE Technical Program Committee for presenta- 
tion at the AIEE Winter General Meeting, New 
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printing November 22, 1950. 
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Brooklyn Manhattan Transit Corpora- 
tion, now a part of the New York Board of 
Transportation. Each car was equipped 
with two sets of PCC car electric equip- 
ment, each set consisting of a complete 
control unit and four 55-horsepower trac- 
tion motors. This, then, was the first ap- 
plication of PCC-type electric equip- 
ment to rapid transit service. The car 
bodies were of a special articulated design 
involving the liberal use of aluminum. 


Rapid Transit Requirements and 
Operating Conditions 


A double-track rapid transit line may 
handle rush-hour loads of from 20,000 
to 40,000 passengers per hour in one 
direction. Private right-of-way opera- 
tion is required in the form of subway or 
depressed open-cut type of construction, 
elevated structure or roadway, or private 
right of way on the surface with grade 
crossing protection. Trains may vary 
from six to ten cars, depending upon the 
load, but in any case headways in the 
order of two to three minutes are in- 
volved, which means that stop time must 
be held to 4 minimum if schedules are to 
be maintained, 

The rapid transit version of the PCC 
car has been designed for high-level plat- 
form loading with two or three large 
doors on each side of the car to hold the 
loading and unloading time to a mini- 
mum, The passenger capacity of the car 
has been increased to a maximum, con- 
sistent with weight and length limita- 
tions, by the use of special seating ar- 
rangements, The maximum capacity of 
the car has been increased to 180 pas- 
sengers, or 44 per cent more than the 
standard car, while the number of seats 
has been decreased to 46, or only 15 per 
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cent, with the longitudinal seating plan. 

Operating conditions in rapid transit 
service are quite different from those en- 
countered in normal street railway serv- 
ice, making it desirable to change some 
of the electric apparatus with respect to 
size, assembly, and method of operation. 
Rapid transit means definite stops at 
fixed locations spaced from one-quarter 
to three miles apart, whereas city service 
varies from 5 to 12 stops per mile plus in- 
numerable slowdowns in congested areas 
dependent upon automotive traffic con- 
ditions. 


Electric Equipment 


Accelerations in rapid transit service 
are made against either a caution signal 
or a proceed signal, therefore two or three 
accelerating rates are provided on the new 
car rather than a continuous range of 
rates as on the surface car. The three 
accelerating rates—low, medium, and 
high—are ample for the service and keep 
the number of train line wires to a mini- 
mum, since the rates must be changed 
electrically through this medium in mul- 
tiple-unit operation. On the Chicago all- 
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Figure 2.— PCC surface car with average load— 
per cent of running time used for acceleration 
to shunted field position and for braking 


electric car, three dynamic braking rates 
are provided for normal service braking. 
For emergency braking, the maximum 
dynamic braking rate is augmented by 
the drum brake, which normally is used 
to stop and hold the car after the service 
dynamic brake fades out at a very low 
speed. The magnetic track brake, used 
for emergency braking and furnished as 
standard equipment on all PCC surface 
cars, may be applied on the rapid transit 
car. However, this type of brake has 
been omitted on the cars purchased to 
date because the presence of a properly 
signalled private right of way reduces the 
frequency of emergency conditions. 

On cars equipped with air brakes, 15 
steps of normal service braking are pro- 
vided dependent on straight air-pipe 
pressure as determined by the position of 
the controller handle. The change in air 
pressure is transmitted through an ac- 
tuator to a rheostat in series with a load- 
ing coil on the limit relay, thus changing 
the calibration of the relay to the desired 
dynamic braking rate. The air-brake 
application is held off by a lockout relay 
until the dynamic brake fades out, at 
which time the air brake is applied to com- 
plete the stop and hold the car while 
standing. The tread brakes also supple- 
ment the dynamic brake in such a manner 
that a smooth blending is obtained when 
the dynamic braking rate alone is in- 
sufficient for the load and grade condi- 
tions. In an emergency application, the 
air brakes alone provide a deceleration 
rate of 4.0 miles per hour per second 
(mphps). 

Foot-pedal operation of the surface car 
has been replaced on the rapid transit car 
by hand-operated controls because the 
motorman is free of the fare collection 
duties. The car is controlled by a com- 
bined master and brake controller oper- 
ated by a single handle. 

Because of the longer runs in rapid 
transit service, the speed at which brak- 
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cent of running time used for acceleration to 
shunted field position and for braking, 2-car 
train with average load 


ing is applied is much higher than in sur- 
face operation. The application of both 
power and brake must be as smooth as 
possible to provide a comfortable ride for 
the passenger. 
sult with the higher braking speeds, the 
the 
approximately 50 


To accomplish this re- 


resistance in motor brake circuits 
must be per cent 
greater than that normally used on the 
standard PCC surface car. This added 
resistance is provided by the use of a 
larger accelerator, which has 135 resist- 
ance steps instead of 99. The dynamic 
brake builds up to full rate smoothly 
without jolting in approximately one 
second at all speeds up to 50 miles per 
hour (mph). Another feature of the 
larger accelerator is that an almost free 
coast is obtained up to 45 mph, with a 
slightly increased braking effort at higher 
speeds. To obtain prompt braking in the 
desired amount, the resistance in the main 
motor circuit must be adjusted to corre- 
spond to car speed. This is known as 
“spotting’’ the accelerator, and in effect 
is dynamic braking at a very low current. 
The additional resistance in the larger 
accelerator holds this current to a mini- 
mum value, which is important in rapid 
transit service where a _ considerable 
amount of coasting at high speeds may be 
desirable. 

Most rapid transit systems are operated 
from a third-rail system which necessarily 
must have frequent gaps. A special line 
relay was developed for the new car 
to give adequate protection and smooth 
operation at all times. This device has a 
very fast opening and a delayed pickup 
which gives the control apparatus time 
so to readjust itself that the reapplica- 
tion of power is smooth and normal. 

Rapid transit trains may be made up of 
two to ten cars. In a long train the 
operator may be unaware that one car is 
dead or defective, therefore some pro- 
tection must be provided to prevent 
“bucking” or build-up of braking currents 
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on a car which is not functioning prop- 
erly. A “loop” contactor has been added 
to the standard PCC car equipment 
and is placed in series with one pair of 
motors to break up the dynamic braking 
loop which comes into play when a re- 
verser fails to operate correctly, The 
“loop” contactor closes when the line 
breaker closes and remains closed through 
the accelerating and braking cycle until 
the car comes to a stop. Thus on each 
run, beginning with the first application 
of power, the functioning is checked for 
proper operation of the reverser and other 
equipment. A failure automatically will 
eliminate power from that unit and allow 
the car to be pulled freely. 

The specification that these cars be 
operated in a maximum train of ten cars 
required that the control load in the 
various train line wires be kept to a mini- 
mum, Therefore, the control load is sup- 
plied by the motor generator set on each 
car as far as practicable. Special operat- 
ing coils were designed for all contactors, 
and relays were applied to the reverser 
and line breaker so that the full operating 
coil current was not required to be car- 
ried by the train line wires. In addition, 
the generator operates at 45 volts, which 
gives an added margin of safety for the 
operation of the equipment. 

At the time the PCC electric equip- 
ment first was applied to rapid transit 
service, all the PCC surface cars in mul- 
tiple-unit operation were equipped with 
air brakes and other air-operated de- 
vices. Pneumatically operated  re- 
versers also were used on these cars. 
However, because the first PCC cars 
built for rapid transit service were of the 
all-electric type, it was necessary to de- 
sign a new all-electric power-operated 
reverser. It is powered by magnets of 
liberal design to obtain maximum re- 
liability with minimum maintenance. 
Compensated fingers rest on cast drum 
segments which are fastened to an in- 
sulating shaft. Two relays are supplied 
to relieve the train line of the load re- 
quired for operation. Most of the post- 
war standard PCC cars have been the all- 
electric type, but they are equipped with 
the standard manually operated re- 
verser applicable to single-unit opera- 
tion. 


Basic-Unit Car Considerations 


In 1947 the Chicago Transit Authority 
placed in service on its Rapid Transit 
Division a new design of car with PCC 
electric equipment. 
of successful operating experience with its 
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Table I. Comparison of Lightweight Rapid 
; Transit Cars 
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cided to design and test a new type of 
rapid transit car utilizing as much of the 
standard PCC car equipment as pos- 
sible. Each car consists of three bodies 
articulated on four PCC-type trucks and 
has a passenger capacity equivalent to a 
base service train of two cars. The car 
weighs 93,000 pounds, which is within 
the capacity of the standard PCC-type 
motor in Chicago service. Two sets of 
PCC car equipment, modified as described 
previously, are applied to each car. 
After an intensive series of tests, the cars 
were placed in service. The performance 
of these cars met all the desired operating 
characteristics with a minimum of main- 
tenance. In September 1948, after the 
sample equipment had been in operation 
for ten months, the Chicago Transit 
Authority placed an order for 130 rapid 
transit PCC cars. These cars differ from 
the sample cars in that each consists of a 
single body mounted on two trucks with 
one set of modified PCC-type electric 
equipment. 

When the single-body car was selected, 
the decision was made to operate two cars 
as a semipermanently connected unit for 
economic reasons. One unit provides the 
passenger capacity required during the 
base traffic periods. Units may be com- 
bined in multiple-unit operation to form 
trains of four, six, eight, or ten cars, pro- 
viding flexibility for the system under all 
load conditions. All cars are identical. 
However, only one end of the car is 
equipped with a control station, automatic 
coupler, and other apparatus necessary to 
Operate as the head-end of a train. Two 
_ ars are connected back-to-back, so that 
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a unit may be operated from either end. 
This operating procedure reduces the 
amount of equipment per car and results 
in substantial savings in first cost and 
maintenance expense. 

Both types of car offer advantages for 
particular operating conditions, but many 
operators believe that the single-body 
car mounted on two trucks is more suit- 
able for rapid transit service. Only one 
body section is required, hence the initial 
cost is lower as well as the investment re- 
quired for spare equipment. One car of a 
2-car unit may be taken out of service and 
replaced with an identical car. In the 
case of an articulated unit, either the en- 
tire unit must be withdrawn from service 
or else dummy trucks must be used in 
conjunction with body jacks in order to 
replace one body section. A 2-car unit 
can be built with less weight than the 
articulated car, as shown in Table I. 
Passenger capacity is sacrificed at the two 
articulation joints, whereas the 2-car unit 
has only one connection restricting stand- 
ing passengers. On the other hand, the 
articulated unit permits easier and safer 
movement of passengers between cars. 
However, studies have shown that the 
daily rider boards the train at the ap- 
proximate location where he wishes to get 
off, and there generally is very little move- 
ment between cars in rapid transit sery- 
ice. The 2-car unit also provides more 
flexibility in the door and seating arrange- 
ments with a consequent increase in 
passenger capacity. A truck derailment 
and broken axle or wheel on a single-body 
car necessarily poses a difficult operating 
problem in rapid transit service where 
the right of way is very restricted, but 
such a failure on an articulated unit, es- 
pecially when the truck is at an articu- 
lated joint, is one of major proportion. 


These advantages, which vitally affect 
investment, fixed charges, operating and 
maintenance costs, are responsible for 
the fact that operators prefer the 2-car 
unit in spite of the improved riding 
qualities and other advantages of the 
articulated 3-body unit. 


Performance Characteristics 


The first units of the 130-car order 
were received by the Chicago Transit 
Authority in September 1950. The scale 
weight of the car is 39,800 pounds, slightly 
under the estimated 40,000-pound weight. 
The total weights with seated load and 
maximum load are 46,500 and 62,200 
pounds, respectively. The corresponding 
figures for the average PCC surface car 
are 36,000, 438,500, and 52,800 pounds. 

Accelerating and braking rates of 1, 2, 
and 3 mphps were selected, based on the 
39,800-pound car weight with no load. 
Since the limit relay settings are at some 
fixed value of current, the tractive effort 
available for acceleration also remains 
constant and the accelerating rates de- 
crease as the load increases. In dynamic 
braking, the rate also is controlled by the 
limit relay, consequently the rate de- 
creases as the load increases. 

A pneumatically operated variable load 
mechanism, commonly referred to as a 
load-weighing device, has been used on 
rapid transit cars equipped with an air- 
brake system. It automatically main- 
tains a constant accelerating rate between 
fixed minimum and maximum total car 
weights by changing the limit relay set- 
ting by means of a rheostat with a me- 
chanical linkage actuated by the deflec- 
tion of the car springs. A lockout magnet 
valve is used to obtain smooth blending of 
air and dynamic brake when the braking 
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Figure 4. Speed-time performance curve—lightweight rapid transit car, 2-car train with average 
load, level track 
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rate selected by the operator exceeds the 
maximum dynamic braking rate ob- 
tainable. 

For city transit service, the standard 
PCC car is capable of operating at maxi- 
mum accelerating and dynamic braking 
rates of 4.75 mphps, although the average 
accelerating rate in service approximates 
3.5 mphps. These high rates were neces- 
sary to maintain the car’s position with 
respect to other street traffic in congested 
areas and to increase schedule speeds with 
respect to the old streetcars which the 
PCC car was designed to replace. On 
heavy traffic lines where streetcars are the 
most economical vehicle to operate, the 
number of stops per mile may vary from 
5 to 12. Hence, the length of run is so 
short that much of the running time is 
consumed in accelerating and braking. 
This is shown graphically in Figure 2. 
Thus, the only way schedule speed could 
be increased was to provide motor capac- 
ity sufficient to obtain the highest prac- 
ticable accelerating and braking rates. — 

Rapid transit service normally averages 
from one to three stops per mile. The 
longer runs permit much high-speed 
operation with the result that the ac- 
celerating and braking rates may be lower 
than in surface operation since a small 
percentage of time is consumed in these 
operations (see Figure 3). These two 
conditions, lower accelerating and braking 
rates and longer runs, have made it pos- 
sible to apply the standard PCC car motor 
to the heavier cars and loads encountered 
in rapid transit service without exceeding 
its margin of safety. 

The PCC-type of rapid transit car, 
equipped with four 55-horsepower trac- 
tion motors, has a very high ratio of 
horsepower per ton weight on both an 
empty and a maximum load basis. 
With the standard PCC-type gear unit of 
7.17-to-1 ratio and wheels with a diam- 
eter of 26 inches, the car with average 
load will attain a free running speed of 46 
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Figure 5 (left). 

Schedule speed per- 

formance — light- 

weight rapid transit 

car, 2-car train with 

average load, level 
track 


Figure 6 (right). 

Chicago Transit Au- 

thority lightweight 
rapid transit car 


mph on level tangent track, as shown in 
Figure 4. A true measure of car per- 
formance is the ability to maintain high 
schedule speeds. This is doubly im- 
portant in rapid transit service, for with 
proper headways and signal systems the 
car is on its own, unhampered by the 
traffic jams and traffic lights in surface 
operation. The performance of these 
cars permits high schedule speeds, as 
shown in Figure 5, which are a requisite 
of rapid transit service. 


Advantages of the Lightweight Rapid 
Transit Car 


In addition to its exceptional per- 
formance characteristics, the rapid transit 
PCC car has even more to offer. It is the 
lightest weight rapid transit car ever 
built and has the lowest first cost because 
of the mass production of the various 
components as well as the car body, 
which utilizes many of the basic struc- 
tures of the standard car. From the ex- 
perience of city transit operation of PCC 
cars for 16 years, it may be expected that 
these cars will produce real savings in 
operating and maintenance costs. After 
delivery of the first cars to Chicago, some 
of the most favorable comments were 
made by the maintenance department re- 
garding the accessibility of all equipment 
in general and the traction motors and 
gear units in particular. This is caused by 
the fact that the basic truck design and 
small diameter wheel size of the standard 


car have been retained in the rapid . 


transit design, which has a floor level ap- 
proximately 13 inches higher. 

To managements operating large fleets 
of PCC cars in surface transportation, the 
rapid transit PCC car offers other ob- 
vious advantages. Spare-parts inventory 
may be kept to a minimum since many of 
the parts are interchangeable. Main- 
tenance practices already are established 
and maintenance tools and equipment are 
available. Skilled mechanics and elec- 
tricians trained in the maintenance of 
PCC equipment need not be retrained, 
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for the new car is equipped with identical 
traction motors and many mechanical 
features, as well as the same general 
control scheme and equipment as the 
standard car. 


Conclusions 


On September 1, 1950 the Chicago 
Transit Authority had 200 cars on order, 
and the Metropolitan Transit Authority 
of Boston had 40 cars on order. These 
cars are being built according to a speci- 
fication drawn up by the PCC Rapid 
Transit Equipment Subcommittee of the 
Advisory Committee on PCC cars, Me- 
chanical Division, American Transit Asso- 
ciation. The design of a PCC car for 
rapid transit service has provided the 
transit industry with a new tool to supply 
fast, comfortable, efficient service with a 
minimum investment in new rolling 
stock. 

This car has been designed especially 
for rapid transit service by men who must 
operate and maintain this type of equip- 
ment. It is believed that this lightweight 
car will be applied to many rapid transit 
systems on all but the heaviest lines. The 
consideration being given to this type of 
car in cities planning their initial rapid 
transit installations is evidence that its 
use will be extended to new systems. 
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Discussion 


H. G. Moore (General Electric Company, 
Erie, Pa.): This paper presents in an excel- 
lent manner the present status of certain 
improvements and expanding applications 
of the electrical equipment originally de- 
signed for the Presidents’ Conference Com- 
mittee (PCC) car. 
improvement was made in 1944, 
provision of so-called ‘“‘extended’’ dynamic 
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braking—the extension of the range of 
effective dynamic braking downward in 
speed nearly to standstill. This accom- 
plishment permitted the abandonment of air- 
operated tread brakes in favor of propeller- 
shaft brakes actuated by electric magnets 
and the general adoption of the all-electric 
streetcar. This improvement imposed 
slightly more duty on the traction motors 
and load resistors, but necessitated no 
fundamental changes in ratings or design 
features, 

In the application of this type of equip- 
ment to lightweight rapid transit cars, the 
authors recognize essentially different oper- 
ating conditions and the necessity of again 
extending the range of dynamic braking this 
time appreciably upward in speed. The 
nominal rating of the equipment in terms of 
line voltage and rms load current is not in- 
creased, because the longer runs with less 
frequent starts and stops compensate for the 
increased car weights and higher speeds. 

These increased weights and _ higher 
speeds, however, do require that the equip- 
ment now be capable of regularly absorbing 
materially increased peak loads in dynamic 
braking of approximately 450 per cent of the 
l-hour rating. This capacity cannot be 
increased by higher values of load resistance 
and motor current without proportionally 
increasing the peak voltages to which the 
motors and power circuits may be sub- 
jected. Itis, therefore, of particular interest 
that the authors state that the resistance in 
the motor-brake circuits must be approxi- 
mately 50 per cent greater than that nor- 
mally used in the standard PCC car. 

An alternate method of increasing the 
range of dynamic braking to higher speeds 
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is to shunt the motor fields. This method 
even permits reducing the maximum load 
resistance and provides a number of dis- 
tinct advantages, such as 


1. The motor voltages are limited to lower and 
more conservative values under conditions of high- 
speed braking. 


2. The load resistance remains fixed at its maxi- 
mum value until the speed drops to the full-field 
braking step, resulting in better utilization of avail- 
able resistor capacity. 


3. For a given amount of active material, a lower 
resistance results in a greater cross-section with cor- 
responding greater strength and increased short- 
time current capacity. 


W.R. Ellis and M. L. Sloman: The authors 
appreciate the comments by Mr. Moore. 
The Westinghouse Electric Corporation de- 
signed its original PCC-car motor to meet 
the Transit Research Corporation’s speci- 
fication, which included a very severe 
operating cycle. Although this cycle has 
never been approached in city transit sery- 
ice, the motor was designed with the capac- 
ity to brake at relatively high speeds with- 
out exceeding the commutating limit set by 
voltage. Since that time, a number of elec- 
trical and mechanical modifications have 
been made in the motor to increase this 
capacity as better insulation and materials 
have become available. This plus feature 
in surface car operation has made possible 
the application of this motor in rapid transit 
service, where peak dynamic braking loads 
may reach values approximating 400 per 
cent of the 1-hour motor rating. 

We do not agree with Mr. Moore that 
these peak loads occur regularly. Three 


conditions, namely, maximum load, maxi- 
mum dynamic brake, and car speeds well in 
excess of 40 miles per hour, must occur 
simultaneously in order to produce these 
peaks. Only on rare occasions will these 
conditions be encountered, for maximum 
speeds on many rapid transit lines are 
limited to values under 45 miles per hour by 
speed restrictions, signal spacing, and more 
often by station spacing, except in express 
service. 

The method of increasing the range of 
dynamic braking to higher speeds by shunt- 
ing the motor fields is a practice used in 
many applications of electrically propelled 
vehicles for all types of transportation sery- 
ice. We have tried this method on PCC 
cars, but on the lightweight rapid transit car 
it has been discarded in favor of the method 
described in the paper. The additional 
resistance provided in the braking circuit by 
the larger accelerator limits the current to 
the values required for the desired braking 
rates and also maintains the motor voltage 
within the permissible range. This method 
has advantages in that almost a free coast is 
obtained at the high operating speeds be- 
cause the spotting current is low, and a 
smooth dynamic brake build-up is provided 
since the motor, operating as a series genera- 
tor, is more stable in full field than in a 
shunted field connection. Thus, there is 
mutch less chance of an initial peak rate with 
its resulting jerk and discomfort to pas- 
sengers. 

The operation of approximately 100 of 
these cars in service on the Rapid Transit 
Division of the Chicago Transit Authority 
has furnished ample proof of the success of 
both the device and the method. 
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A Modern Cab Signaling and Train 
Control System for Railroads 


L.R. ALLISON 
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Synopsis: Increased safety of train opera- 
tion is effected by the continuously con- 
trolled cab signal which may be augmented 
by means for applying the brakes auto- 
matically in case cab signal changes calling 
for a reduction in speed are ignored or pre- 
determined speed limits are exceeded. The 
engine-carried apparatus is inductively 
linked and selectively responsive to coded 
alternating current in the running rails, the 
frequency of coding determining the cab 
signal indication displayed and being de- 
pendent upon traffic conditions ahead. 
Absence of rail current or the presence of 
uncoded current establishes the most re- 
strictive speed conditions. 


HE outstanding feature of modern 

systems of automatic train control is 
the signal in the cab. It provides in the 
cab, in full view of the enginemen, a 
miniature counterpart of the familiar 
wayside block signal. 

The control of the cab signal indications 
is transmitted from the wayside to the 
locomotive through inductive coupling 
between alternating current flowing in the 
rails and a pair of iron-cored receiving 
coils on the locomotive. Changes in the 
character of the rail current, produced by 
changes in traffic conditions ahead, cause 
corresponding changes in the cab signal 
aspect. 

Thus, the cab signal gives a continuous 
indication of conditions that are ahead 
and any change in these conditions af- 
fecting the safety of the train is reflected 
instantly in the cab signal indication re- 
gardless of the position of the train with 
respect to the wayside signals. This not 
only promotes increased safety of train 
operation, but reduces delays by per- 
mitting the engineman to increase speed 
when the cab signal changes to a more 
favorable indication without waiting until 
the next wayside signal is in view. 
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The controls on the locomotive which 
govern the cab signal indications are used 
in conjunction with other apparatus to 
enforce obedience to changes in these in- 
dications that require a reduction in 
speed. On some railroads, the control of 
the train speed is left entirely in the hands 
of the engineman, but any change in the 
cab signal to a more restrictive indication 
is accompanied by the continuous sound- 
ing of an audible warning device in the 
cab, The engineman may silence this 
audible indication, and thereby acknowl- 
edge his awareness of the changed condi- 
tions, by actuating a lever within his 
convenient reach. Should the engineer 
for any reason fail to acknowledge, the 
continued sounding of the warning device 
directs the fireman’s attention to the need 
for action. 

The controls may be arranged to apply 
the train brakes automatically if the 
engineman fails to heed the audible warn- 
ing and to acknowledge within a specified 
number of seconds after the cab signal 
changes to a more restrictive indication. 
Once the automatic brake application 
has begun, it cannot be released until the 
train has been brought to a full stop or the 
cab signal has changed to a less restric- 
tive aspect. 

The cab signal also may form the 
foundation of a speed control system in 
which a governor fixes certain speed limits 
in accordance with the information given 
by the cab signal. A number of speed 
limits may be imposed up to but not ex- 
ceeding the number of cab signal indica- 
tions provided. 

An automatic brake application caused 
by running above authorized speed may 
be suppressed by applying the brakes 
manually until the pressure in the brake 
cylinders reaches a predetermined value 
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or the speed has been brought below the 
limit. 

There also is a selection in the rate and 
gradation of the automatic brake applica- 
tion. The brakes may be applied at an 
emergency rate or at the manual service 
rate, If the latter, the brake pipe reduc- 
tion may be unlimited or it may be 
limited to a value that will insure stop- 
page of the train within the allotted dis- 
tance. The limited reduction can be 
made in two steps, the first of which 
serves to bunch the slack in the train be- 
fore the second, or heavier, reduction be- 
gins. 

It thus can be seen that there are 
available many different combinations of 
train control apparatus arranged to meet 
the varied operating needs and require- 
ments of the different railroads. It is the 
purpose of this paper to describe one 
such combination; that comprising a 4- 
indication cab signal system with 4- 
speed control. This combination has 
been selected as the example because it 
is $0 extensive in its scope that it includes 
all of the main features that may enter 
into a train control system. 


Early History and Development 


The era of continuous inductive cab 
signaling and train control began on July 
11, 1923, when an installation of 3-indica- 
tion 3-speed automatic train control was 
placed in service between Lewistown 
Junction, Pa., and Sunbury, Pa., on the 
Pennsylvania Railroad, Its use has been 
extended until today more than 5,600 
motive power units and 9,700 miles of 
track are equipped with cab signaling or 
continuous train control,! 

The early train control systems were 
based upon the use of steady (uneoded) 
alternating current in the rails. For a 2- 
indication system, current of opposite in- 


Paper 51-34, recommended by the AIKH Land 
Transportation Committee and approved by the 
AIKE Technical Program Committee for presenta- 
tion at the AINE Winter General Meeting, New 
York, N. Y., January 22-26, 1951, Manuscript 
submitted July 24, 1950; made available for print. 
ing November 22, 1950. 


L. R. Aviiso0n is with the Union Switeh and Signal 
Company, Swissvale, Pa, 
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stantaneous polarity flowed in the two 
rails from the low-voltage winding of a 
transformer connected across the rails at 


the leaving end of the track circuit. Pres- 
ence of this current in the rails under the 
receiver produced a clear signal in the 
cab. Absence of current, as when shunted 
away by the wheels and axles of a train 
ahead, produced a restricting cab signal. 
To obtain three cab signal indications, it 
was necessary to superimpose a second 
rail current upon the first and to provide 
on the locomotive a second receiver which 
would be responsive to it. This second 
current, called the loop current as dis- 
tinguished from the first, called the track 
current, was caused to flow through a 
bridge circuit in which the rails and a 
midtapped resistor connected across the 
rails at each end of the track circuit 
formed the balanced arms. The loop 
and track currents were in quadrature- 
phase relationship. 


The steady current systems possessed 
two important disadvantages which 
limited their usefulness. These were: 


1. No more than three cab signal indica- 
tions or controls could be obtained without 
using alternating current of more than one 
frequency, (( 

2. Difficulty in confining the loop current 
of the 3-indication system to its designated 
track circuit, particularly in electric propul- 
sion territory where cross-bonding and sup- 
plementary negative conductors provide 
diverting paths. 


In these early systems, the train control 
relay was an a-c vane-type energized 
from a 2-stage 2-phase amplifier. The 
amplifier contained four triode vacuum 
tubes which required a 350-volt d-c plate 
supply. It is of historical interest that, so 
far as is known, this was the first indus- 
trial application of electron tubes, that is, 
in a field outside of radio, telephone, or 
telegraph communication. 
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Figure 1 (left). 


Figure 2 (above). 


The Code System 


The disadvantages inherent in the use 
of steady energy led to the introduction 
of the code system in 1926. In this sys- 
tem, the train-carried apparatus is re- 
sponsive to coded alternating current ap- 
plied to the track circuit at its exit end 
and functions to maintain a continuous 
cab signal indication reflecting traffic 
conditions ahead of the train. To effect 
this response, the current in the rails is 
coded by interrupting it at certain rates, 
the number of interruptions per minute 
being determined by traffic conditions 
ahead. The absence of this track current 
or the presence of steady or uncoded cur- 
rent produces the most restrictive signal 
in the cab. The codes now used generally 
are 180, 120, and 75 interruptions or cycles 
per minute. The code pattern is uni- 
form, the on-and-off periods being of ap- 
proximately equal length. 

Voltages of the same frequency and 
code rate as the rail current are induced 
in the engine-carried receiver and these 
voltages are amplified to operate the 
code-following relay which governs the 
decoding units that are responsive selec- 
tively to the code rate at which the 
master relay is operated. The decoding 
relays associated with the decoding units 
in turn control the cab signals, the audible 
warning devices, and the electropneu- 
matic valve. 

Coding of the rail current produces a 
number of important advantages not ob- 
tainable with the noncode system, These 
are: 


1. The equipment operates safely in the 
presence of extraneous currents or magnetic 
fields. It responds only to coded alternat- 
ing current of the proper frequency. 


2. No line wires are required for control of 
signal indications because the controls are 
transmitted by codes through the rails. 
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Four-indication cab signal mounted in cowl center post 
of diesel-electric locomotive 


Changes in speed limits and cab signal indications as 
train approaches rear of train ahead 


3. More than three indications can be ob- 
tained. In fact, additional indications 
could be obtained by the use of other codes, 
but four indications generally have been 
found sufficient. 


4. Increased track-shunting sensitivity and 
increased broken-rail protection are ob- 
tained because code operation is determined 
by the pick-up rather than by the release 
value of the code-following relay. 


5. It is universally applicable to any class 
of motive power: steam, diesel, or electric 
locomotives and multiple-unit cars. 


Figure 2 shows how the cab signal in- 
dication and speed control limits change 
on the modern 4-indication 4-speed control 
system, selected as an example, as a train 
overtakes a train ahead. Assume that the 
train is about to enter the first of four 
blocks, the fourth being occupied. The 
cab signal is displaying the ‘‘clear’’ (green) 
indication and the maximum speed limit 
of 90 miles per hour (mph) is in effect. 
As the engine passes the “‘clear’’ wayside 
signal, there is no change in the cab signal 
or in the speed limit. 

When the next wayside signal, at ‘“‘ap- 
proach-medium,”’ is passed, the cab 
signal changes to ‘‘approach-medium” 
(yellow over green) and the speed limit is 
reduced to 45 mph. The restrictive con- 
dition is made known to the engineer by 
the sounding of a buzzer, and unless he 
initiates a manual brake application 
within six seconds, the brakes will apply 
automatically. As long as he is applying 
the regular train brakes at the service 
rate, an automatic application of the 
brakes is suppressed. He must continue 
to maintain a service brake application 
until the speed of the train has been re- 
duced below 45 mph, when he can re- 
lease the brakes and continue at a speed 
below 45 mph until the next signal is 
passed. The buzzer will sound as long as 
the speed of the train is above the limit. 
The instant the buzzer stops, the enginc- 
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man may initiate release of the brakes. 

The speed limits of 90, 45, 25, and 15 
mph have been chosen arbitrarily for the 
sake of illustration. While these may be 
considered typical, other speed limits may 
be selected by different railroads to suit 
their particular operating conditions. 

When the next wayside signal, at “‘ap- 
proach,”’ is passed, the cab signal changes 
to ‘“approach”’ (yellow), the speed limit is 
reduced to 25 mph, and the speed warning 
buzzer sounds and continues to sound as 
long as the speed is above this value. As 
before, an automatic brake application 
will be initiated within six seconds after 
the overspeed warning buzzer sounds un- 
less it is suppressed by a manual applica- 
tion sufficient to reduce speed below the 
new limit. 

Any time the speed limit is exceeded, 
the warning buzzer will sound and con- 
tinue to sound until the speed is reduced 
below the limit. 

The next wayside signal will be at 
“stop,”’ and perhaps the rear of the train 
ahead is just beyond the signal location, 
as shown in Figure 2. It may be desired, 
therefore, to effect the next cab signal 
change, not at the signal itself, but at a 
point, called the ‘“B”’ point, sufficiently in 
advance of the signal to insure that the 
train will be stopped automatically from 
the maximum speed of 25 mph before the 
signal is passed. As this point is passed, 
the cab signal changes from “approach” 
to “restricting’’ (red), and the speed limit 
is reduced from 25 to 15 mph. Again the 
buzzer will sound and will continue to 
sound until the speed is reduced below 15 
mph, and again an automatic brake ap- 
plication will ensue if the engineman does 
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not suppress it by applying the brakes 
manually. 

As an additional safety measure, any 
time the cab signal changes to “restrict- 
ing,’ a bell also will sound and, even 
though the speed already is below the 15 
mph limit, an automatic application of 
the brakes will be initiated six seconds 
after the bell starts to sound unless the 
engineman operates an acknowledging 
switch. This switch may be either the 
foot-actuated or the hand-actuated type. 
The purpose of enforcing an acknowledg- 
ment of the “‘restricting’’ indication is to 
remind the engineman that he is ap- 
proaching a “‘stop’’ wayside signal. 

After first coming to a full stop, in ac- 
cordance with standard railroad operating 
rules, the train may proceed into the oc- 
cupied block not exceeding 15 mph, being 
prepared to stop within range of vision. 

When the cab signal changes to a more 
restrictive indication, but the speed of the 
train is below the new limit, the buzzer 
will not sound. Likewise, cab signal 
changes to less restrictive indications are 
unaccompanied by sounding of audible 
warning devices because block conditions 
have changed to permit operation of the 
train safely at higher speed. 


The Rail Current Control Equipment 
on the Wayside 


The apparatus used for operation of the 
continuous cab signal and train control 
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Figure 5. Circuit of electric equipment on 
the locomotive 


system consists essentially of two main 
parts: that on the locomotive and that on 
the wayside. 

The continuous indication in the cab is 
maintained by the track-circuit alternat- 
ing current introduced into the running 
rails at the exit end of the track section 
and interrupted a definite number of 
times per minute according to the condi- 
tions ahead. This current induces a 
voltage in apparatus carried on the engine 
and so causes other engine-carried ap- 
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paratus to function to establish the cab 
signal aspect and speed limit correspond- 
ing to the frequency of interruption of the 
track current. 

In the wayside system the mechanism 
which interrupts the alternating current 
as it is fed to the rails is called a code 
transmitter. One type consists of con- 
tacts actuated by an electrically driven 
pendulum mechanically tuned to the code 
frequency. A separate code transmitter 
is used for each code frequency. A view 
of a pendulum-type 180-code transmitter 
is shown in Figure 3. 

The advantages of code control of cab 
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signals apply equally to the control of 
wayside circuits and signals. For that 
reason, the use of steady-energy track cir- 
cuits for wayside signal control is being 
supplanted rapidly by coded track-circuit 
control. In 1932 the first coded track- 
circuit control installation was placed in 
service between Zoo Tower and Arsenal 
Tower on the Philadelphia Terminal 
Division of the Pennsylvania Railroad. 
Now more than 15,000 miles of track in 
the United States and Canada are 
equipped with coded track circuits. 

The foundation of all successful railway 
signaling is the track circuit. Invented in 
1872, it remains today the best means yet 
devised of detecting automatically that a 
defined section of railroad track is oc- 
cupied or otherwise unsafe for the passage 
of another train. The rails themselves 
serve as the conductors of electric energy 
supplied by a low-voltage power source 
connected to the rails at one end of the 
circuit and delivered to the coils of the 
track relay connected to the rails at the 
opposite end of the circuit. Current is 
confined to the desired section of track by 
placing insulation in rail joints at the 
boundary points of the section. All other 
rail joints are bonded with flexible con- 
nectors to insure uniformily low resist- 
ance. 


As long as the track circuit is unoc- 
cupied, with all rails intact and switches 
properly positioned, the track relay will 
receive energy, thus indicating the fact of 
nonoccupancy. The entrance of a train 
into the circuit, however, will shunt so 
much current from the coils of the track 
relay through the much lower resistance 
path of the wheels and axles of the train 
that the track relay will release and will 
remain in its released position. This will 
cause the wayside signal to assume the 
“stop” position. 

In considering the track circuit, it is 
important to note that a failure such as 
may be caused by loss of power, a broken 
wire, a broken rail, a misaligned switch, 
or a short circuit will deprive the track 
relay of current, thus causing it to stay 
released and setting the controlled signal 
at its most restrictive indication. Not 
only the track circuit, but all vital cir- 
cuits in railway signaling are designed 
to operate on this ‘‘fail-safe’”’ or closed cir- 
cuit principle. A circuit is said to be de- 
signed on the closed circuit principle when 
the integrity of its vital elements is being 
checked constantly. 

A typical form of coded track-circuit 
control is shown in Figure 4. Both direct 
current from the track battery for opera- 
tion of the code-following track relay and 
alternating current from the low-voltage 
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winding of the track transformer for cab 
signal operation are coded over the same 
contact of the continuously operating 
code transmitter at the signal location. 
The code transmitted to the rear from 
the signal location is determined by the 
position of the block-control relays which, 
in turn, are dependent upon the code 
being followed by the track relay at that 
signal. 

The block-control relays receive energy 
from the decoding transformer. One con- 
tact of the code-following track relay re- 
verses the direction of direct current in 
the primary winding of the decoding 
transformer with each operation of the 
code-following track relay. The code fre- 
quency alternating current induced in 
the secondary winding of the decoding 
transformer is rectified by a pole-changing 
contact on the track relay to cause uni- 
directional current to flow in the winding 
of the block-approach control relay. Only 
when the code-following track relay is 
operating continuously will energy be in- 
duced in the secondary winding of the de- 
coding transformer. If the code-following 
relay stops with either its upper contacts 
or its lower contacts closed, the supply of 
direct current to the block-approach con- 
trol relay is discontinued and conse- 
quently this relay opens its upper con- 
tacts and closes its lower contacts. Under 
this condition, only 75-code direct current 
can be transmitted to the circuit in the 
rear. Because the circuit controlling the 
block-approach control relay is not tuned 
or otherwise selective as to frequency, the 
block-approach control relay will be en- 
ergized when the code-following track re- 
lay responds to 180-, 120-, or 75-code. 

Where more than one code is used, it is 
essential to select among them. This is 
done by relays controlled from code- 
frequency selective decoding units con- 
nected to an auto-winding on the decod- 
ing transformer. Thus, the block-clear 
control relay responds only when its” as- 
sociated decoding unit is receiving 180- 
code energy, and the block-approach 
medium control relay responds only 
when its associated decoding unit is re- 
ceiving 120-code energy. 

These decoding units are similar to 
those used on the locomotive and will be 
treated in greater detail under a descrip- 
tion of the equipment on the locomotive. 

Frequencies commonly used for the a-c 
supply are 60, 80, and 100 cycles per 
second. The level of minimum alternat- 
ing current under the receivers when the 
train is at the entering end of the track 
circuit usually is of the order of 2.0 am- 
petes where electric propulsion territory 
is involved and 0.7 ampere elsewhere. 
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The Equipment on the Locomotive 


In Figure 5 is shown a schematic cir- 
cuit plan of the locomotive electric ap- 
paratus for a 4-indication 4-speed system, 
and Figure 6 shows in diagrammatic form 
the pneumatic equipment which con- 
trols the initiation or suppression of an 
automatic brake application. 

The track receiver, shown in Figure 7, 
is the means by which the control is 
transmitted inductively from the rails to 
the apparatus on the locomotive. It 
comprises a pair of laminated iron cores 
and rubber-covered coils, one for each 
rail, mounted ahead of the leading truck 
at an elevation of about eight inches 
above the top of the rails. The coils are 
connected so that the voltages induced in 
each are additive. 

One type of equipment box designed for 
application to diesel locomotives is shown 
in Figure 8. It houses the amplifier, de- 
coding units, control relays, main terminal 
board, and test panel. All components of 
the apparatus are rack-mounted and the 
rack is suspended from the sides of the 
box on shear-type bonded rubber mount- 
ings designed to afford maximum pro- 
tection from shock and vibration. The 
equipment case is of welded steel con- 
struction and is dustproof and water- 
tight when closed. 
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All the functional elements, which are 
segregated into six control relays, three 
decoding units, and an amplifier, are 
detachable individually by means of plug- 
connector terminal boards. Locating the 
source of trouble is facilitated in this 
way, and the amount of equipment un- 
necessarily out of service because of one 
defective part is reduced to a minimum. 
Each unit is enclosed in a dustproof case 
equipped with a convenient handle for 
removal and carrying of the unit. The 
amplifier unit and each decoding unit are 
locked in place on the rack. 

Each relay is mounted on a base per- 
manently attached to the rack in the 
equipment box and is held securely in 
position by hexagonal nuts applied to.the 
threaded ends of the two guide rods on 
the mounting base. These guide rods also 
serve to align the relay so that its plug 
connectors will engage the receptacles in 
the mounting base properly when the re- 
lay is plugged into position. 

In series with the receiver is a con- 
denser for tuning the circuit to the rail- 
current frequency, a tapped resistor for 
sensitivity adjustment, and the input 
winding of the filter transformer. The 
output winding of the filter transformer 


Figure 6. Pneumatic equipment piping dia- 
gram 
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2-Piece receiver. 
way plug coupler 


Figure 7 (above). 
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Figure 9 (right). Variation of decoding relay current with code fre- 


quency 


also is tuned to resonance at the rail- 
current frequency to provide sharp dis- 
crimination against frequencies outside 
the desired band width. 

The amplifier contains two identical 
beam-power tetrode vacuum tubes with 
indirectly heated oxide-coated cathodes. 
These tubes were designed especially for 
locomotive service and to operate from the 
regular 32-volt d-c supply. No dyna- 
motor or other high-voltage plate supply 
is required, The tubes have a maximum 
trated transconductance of 6,800 micro- 
mhos. 

Two stages of amplification are shown 
in Figure 5. In the first stage, the volt- 
age output of the filter is increased by 
class-A amplification and the interstage 
coupling transformer. The second-stage 
tube action is that of a d-c amplifier. The 
copper-oxide rectifier causes only the 
positive half-cycles of voltage from the 
interstage transformer to be applied to 
the control grid of the second-stage tube. 
The capacitor between grid and —32 is 
charged to substantially the peak value of 
the positive half-cycles of voltage. A 
resistor in parallel with the capacitor 
allows the charge to leak off during the off 
periods of code, but not during the nega- 
tive half-cycles of alternating current. 
The second-stage tube is biased to the 
cutoff point. 

Thus, during the off period of the code 
cycle, no current flows in the plate circuit 
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DECODING RELAY CURRENT-MA 


of the second-stage tube. During the on 
period of the code cycle, when curient is 
flowing in the rails, the plate current 
rises to a value determined by the poten- 
tial difference between the positive charge 
on the grid capacitor and the fixed nega- 
tive grid bias. The result is that plate 
current flows in the primary winding of 
the master transformer when alternating 
current is flowing in the rails and ceases to 
flow when the rail current is interrupted 
by the code transmitter. 

The rise and fall of plate current in the 
high-voltage winding of the master trans- 
former causes alternating current of code 
frequency to flow through the low-voltage 
winding and the master relay connected 
to it. 

The master relay is of the d-c polarized- 
stick type, that is, its armature will be 
held by the permanent magnet in which- 
ever position it occupied when last de- 
energized. With alternating current of 
code frequency in its coil, the relay is 
energized periodically in opposite direc- 
tions and, therefore, the contacts move 
from one position to the other at the code 
frequency. The relay thus responds to 
code frequency current only when this 
has a value greater than a predetermined 
minimum, and its contacts thus are held 


Figure 8 (left). 
Equipment box with 
door removed to 
show amplifier, de- 
coding units, and 
relays 


Figure 10 (right). 
Journal box mounted 
speed governor 
for _ diesel-electric 
locomotives. Gov- 
ernor is driven from 
end of axle through 
universal joint and 
electric connections 
are brought out 
through hose to plug 
coupler 
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firmly closed by the permanent magnet 
in one position or the other except during 
reversals of current. 

When the master relay is operating, it 
causes direct current from the 32-volt 
supply to flow alternately through one 
half or the other half of the primary sec- 
tion of the decoding transformer, causing 
the magnetic flux of this transformer to 
alternate in direction at the code fre- 
quency and thereby to deliver alternating 
current to the decoding circuits. 

The output of the decoding transformer 
is applied to three tuned decoding units in 
parallel. Each decoding unit is a low- 
frequency filter tuned to resonance at one 
of the three code frequencies. Each 
consists of a condenser in series with the 
primary winding of an adjustable air-gap 
reactive transformer having its low- 
voltage winding connected through a 
double-wave copper-oxide rectifier to its 
associated decoding relay. The 180-code 
decoding relay thus will respond only 
when the voltage applied to its associated 
decoding unit has a frequency of 180 
cycles per minute or three cycles per 
second. Likewise, the 120-code decoding 


relay is responsive to 2-cycle energy from 
the decoding transformer and the 75-code 
decoding relay, to 11/s-cycle energy. 


The tuning of circuits to resonance at 
such low frequencies is uncommon in the 
field of electrical engineering. Typical 
curves showing the variation of decoding 
relay current with code frequency appear 
in Figure 9. These curves show that the 
“clear” decoding relay will not receive 
enough current to hold its armature 
closed on 120- or 75-code and that the 
“approach-medium”’ decoding relay will 
not receive enough current to hold its 
armature in the energized position on 75- 
code. A part of the selectivity obtained 
in the decoding circuits is attributable to 
the nonlinear voltage-current charac- 
teristic of the copper-oxide rectifier. 
Since each decoding circuit is series reso- 
nant, selectivity on the upper side of 
resonance is less than on the lower side. 
This is not important here, however, be- 
cause the contacts of decoding relays re- 
sponsive to one code frequency are not 
involved in the control of circuits asso- 
ciated with a higher code frequency. 

The train control circuits are carried 
through relay contacts in both the posi- 
tive and the negative sides of the d-c 
paths to prevent, as far as possible, im- 
proper operations caused by grounded 
wiring or short-circuited terminals. 

Through the use of the cutout switch 
and its associated cutout relay, the train 
may move out of train-control-equipped 
territory without reducing speed, and the 
equipment will be conditioned for auto- 
matic restoration of the controls upon re- 
entering train control territory at any 
point. To accomplish this, a short 
stretch of track at certain designated 
points of departure from equipped terri- 
tory is energized with 180-coded alternat- 
ing current of several times the normal 
value. While the receiver is traversing 
this track section, the engineman reverses 
the cutout switch and holds it reversed 
until passage of the end of the cutout cir- 
cuit is indicated by loss of cab signal 
illumination. Reversal of the cutout 
switch energizes one coil of the cutout re- 
lay over a normally open contact of the 
switch and the upper contacts of the 180- 
decoding relay. At the same time, 
enough resistance is added to the re- 
ceiver circuit to prevent master relay 
operation except at the high level of 
alternating current used in these cutout 
circuits. This prevents a cutout from 
being effected at any but an authorized 
location. As soon as the receiver passes 
the end of the cutout circuit and the 
“clear’’ cab indication is extinguished, the 
engineman must restore the cutout 
switch to its normal position quickly in 
order to establish the holding circuit to 
the other coil of the cutout relay through 
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the lower contacts of all decoding relays, 
an upper contact of the cutout relay, and 
a normally closed contact of the cutout 
switch. 

As long as the cutout relay remains 
energized, the 15 mph speed limit, nor- 
mally in force with all decoding relays 
down, is raised to 90 mph. As the train 
again enters train control territory and 
any one of the three decoding relays is 
energized, the circuit to the cutout relay 
will be opened and all control circuits will 
be restored to normal. 

On some train control installations, the 
cutout function is performed automatic- 
ally by coding the current in the cutout 
circuit at another code frequency and 
energizing the cutout relay from an addi- 
tional decoding unit tuned to this fre- 
quency. 

When the cab signal changes to “‘re- 
stricting’’ and the bell rings, the ac- 
knowledging relay is energized by the re- 
versal of the acknowledging switch in 
much the same manner as that described 
previously for the cutout circuit. 

Figure 6 is a schematic diagram of a 
typical set of pneumatic equipment and 
shows only that portion directly involved 
in the initiation or suppression of an auto- 
matic train control brake application. 
The position of the various valves is 
shown at the instant just after the timing 
valve has reversed, because of de-energiza- 
tion of the electropneumatic valve six 
seconds before, and just before reversal of 
the brake application valve. As its name 
implies, the timing valve with its res- 
ervoir measures a time interval of six 
seconds within which the engineman may 
take the action required to prevent an 
automatic application. 

If this action is not taken, the air 
chamber below the brake application 
valve piston will be exhausted through 
pipe 10 and the upper timing poppet 
valve. This causes the brake application 
valve to shift downward and in so doing 
to produce the same result as if the 
engineman’s brake valve handle had 
been moved to the service position for a 
definite period of time. Reduction of 
brake pipe pressure will continue until 
equalization of pressure occurs in the 
brake pipe, the equalizing reservoir, and 
the reduction limiting reservoir. 

Upon re-energization of the electro- 
pneumatic valve and movement of the 
engineman’s brake valve handle to “lap” 
position for a short time, the brake ap- 
plication valve will return to normal, 
after which the brakes may be released 
in the usual manner. 

It should be noted that the control of 
the air brakes on a railway train also is 
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on the closed circuit principle. The 
brakes are held released by maintainin 
air pressure in the brake pipe, which runs 
throughout the train and is coupled be- 
tween cars by flexible hose. To apply 
the brakes, the engineman moves his 
brake valve handle to service position 
and allows air to escape from the brake 
pipe. The reduction of pressure in the 
brake pipe actuates valves on each car to 
admit air from a reservoir to the brake 
cylinders. Thus, any loss of air pressure 
in the brake pipe, such as by a broken air 
hose, will cause the brakes to be applied 
immediately throughout the train. 

Any time the engineman moves his 
brake valve handle to service position 
prior to an automatic application, air 
pressure is applied to the pneumatic relay 
through pipes 18, 27, and 25. Operation 
of the pneumatic relay applies energy 
directly to the electropneumatic valve. 
After brake pipe pressure has been re- 
duced a predetermined amount, the re- 
duction-insuring valve will move to the 
left and stop the exhaust of air from pipe 
27. This will permit the engineman to 
move his brake valve handle to “lap” 
position without loss of air pressure in 
pipe 25. In this manner, automatic 
control of the train brakes is suspended 
as long as the engineman is handling the 
braking system properly himself. 
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Discussion 


W. G. Salmonson (Pennsylvania Railroad, 
Philadelphia, Pa.): Throughout his paper 
Mr. Allison has described how the cab signal 
aspects change in conformity with the posi- 
tion of the wayside block signals as they 
are passed, and in his Figure 2 he shows the 
relationship between the cab signal indica- 
tion on the locomotive and the wayside sig- 
nal as the locomotive overtakes a train 
ahead. Also in his Figure 4 showing a typi- 
cal coded track-circuit control of the cab 
signal indications, the presence of wayside 
signals is indicated by dotted lines. Since 
it is the practice on some railroads to omit 
the wayside signals and operate by cab sig- 
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nal indication only, I think it would be 
helpful if Mr. Allison would enlarge upon 
this phase of the subject, citing instances 
where this is done. 

With further reference to Figure 4 of the 
paper, a transformer is shown at each signal 
and cut-section location as the source of 
alternating current for cab signal operation. 
A reliable source of alternating current is 
not always available at such points, and I 
should like to ask what provision is made to 
obtain alternating current of the desired fre- 
quenty in such cases. 


L. R. Allison: In answer to Mr. Salmonson’s 
question relative to operation on cab signals 
only without wayside signals, it is indeed 
true that this is feasible and is being done 
on a number of cab-signaling and train- 
control installations. It should be pointed 
out that the elimination of the wayside 
signals themselves does not result in as much 
cost saving as might at first appear, since 
most of the control circuits and apparatus 
would still be required. Furthermore, the 
presence of wayside signals is of considerable 
benefit in reducing train delays if there 
should be a failure of the locomotive cab 
signal equipment. 
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For those who are interested in existing 
examples of this type of signaling we refer 
to the Interstate Commerce Commission 
Tabulation of Statistics pertaining to signals, 
interlocking, automatic train control, and 
so forth, given as Reference 1 in the paper. 
Two important examples not included in the 
Interstate Commerce Commission tabula- 
tion are: the 4-indication 4-speed control 
system on the San Francisco-Oakland Bay 
Bridge and the 3-indication 2-speed control 
system on the Stockholm (Sweden) Tram- 
ways. 

In answer to Mr. Salmonson’s question as 
to what provision cam be made to obtain 
alternating current energy for the track cir- 
cuit where a reliable source of alternating 
current is not available, there are several 
installations where alternating current of 
the proper frequency is obtained from what 
is commonly referred to as a ‘‘tuned alterna~- 
tor.”’ This is a direct current to alternating 
current inverter, similar in principle of 
operation to the vibrator used in automo- 
bile radios except that it is of more rugged 
and reliable construction and the armature 
is mechanically tuned to the frequency of 
the rail current. It is normally de-ener- 
gized, being started in operation automatic- 
ally by the entrance of a train into the block. 
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Power for operation of the tuned alternator 
is supplied by a storage battery which is 
trickle-charged through a rectifier from any 
convenient source of alternating current. 
Thus, in the event of an alternating current 
power-line failure, cab signal operation will 
not be affected as long as sufficient energy 
remains in the storage battery to supply the 
tuned alternator. 

Another advantage of the use of the tuned 
alternator is that the alternating current 
frequency may be converted from whatever 
is available for charging the storage batteries 
to whatever is desired for cab signal opera- 
tion. 

The absence of line wires for signal 
control, which is a feature of the coded track- 
circuit control system, together with the use 
of the tuned alternator for alternating cur- 
rent supply to the rails provides a combina- 
tion that makes cab-signal control inde- 
pendent of the continuity of alternating 
current power for any reasonable period of 
interruption. 

An example of the use of tuned alterna- 
tors for cab signaling rail-current supply is 
on the Conemaugh Division of the Pennsyl- 
vania Railroad. Another example is the 
cab signaling installation on the Seaboard 
Air Line Railroad. 


Why 4-Motor Multiple-Unit Car 
Equipments? 
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Synopsis: The amount and quality of rail- 
road suburban commuter service will prob- 
ably increase, rather than decrease, in the 
future. On electrified roads, multiple-unit 
trains with all axles motored are coming into 
use. In contrast with conventional equip- 
ment, having about one-half the weight on 
drivers, these new trains have design and 
operating features which especially suit 
them to fill present needs and anticipate 
future requirements. These qualities are 
enumerated, and the resulting benefits dis- 
cussed in their relation to both the passenger 
and the railroad. 


N 1949 steam railroad commuter 

traffic was crowding the 6.6 billion 
passenger mile record of 1926 in spite of 
the inroads of private automobiles. There 
is an increasing urge for the large city 
breadwinner to live further and further 
from his work, yet experience has dem- 
onstrated the utter impossibility of ever 
providing enough parking and highway 
facilities for his private automobile. Ob- 
viously then, the business of transporting 
him by means of large, efficient units off 
the public highways is bound to become 
more and more rather than less and less 
important. This type of facility is best 
provided by our large railroads through 
their suburban service in metropolitan 
areas. The fact that they recognize their 
opportunity and responsibility and in- 
tend to meet them is shown by increasing 
activity all along the line. The Reading, 
Pennsylvania and New York Central 
railroads whose commuter territory is 
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electrified have recently added to or com- 
menced modernizing their fleets of elec- 
tric multiple-unit cars. Non-electrified 
roads are experimenting with lightweight, 
high-capacity coaches handled by diesel- 
electric locomotives. 

Acquisition of such new equipment— 
which, at least in the case of the New 
York Central multiple-unit cars, will not 
even train with hundreds of older units— 
is one more indication of the willingness 
of the railroads to cut loose from the past 
and face the future with the recognition 
that 1960 times cannot be served with 
1906 machinery. 

Various studies! have shown that 
electric multiple-unit cars are the best 
means for handling suburban passengers 
on those roads where volume of traffic 
justifies electrification. They also have 
tended to show that, where technically 
possible, all-motor-car trains are pref- 
erable to motor car-trailer car combina- 
tions. Railroads currently concerned 
with modernizing their multiple-unit car 
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services are apparently confirming this 
view by their interest in trains consisting 
of motor cars only. The purpose of this 
paper is to go further and show par- 
ticularly how trains having not only all 
cars motored but all axles motored, 
readily dispose of today’s problems and 
anticipate tomorrow’s needs as well. 


Nature of Requirements 


Passengers want fast, comfortable, de- 
pendable low cost service. The railroads 
need equipment which will: 


1. Improve public relations through more 
attractive facilities and better service. 


2. Increase return on investment through 
greater usefulness and availability of equip- 
ment. 


3. Save money by reduced wear and tear 
on parts, by less need for attention, and by 
increased convenience of maintenance oper- 
ations. 


4. Stay young and up-to-date. 


Fast schedules in frequent-stop service 
require high accelerating and braking 
rates. At the same time reasonably high 
top speeds are needed for express and 
semiexpress runs, since a large suburban 
operation is a composite of both. For- 
tunately, as the commuting radius ex- 
pands, it is more convenient to supply 
semiexpress or skip-stop service. This 
tends to favor one design of equipment 
geared for all services. 


Figure 1. Train of new 650-volt d-c multiple-unit cars, each equipped with four truck-mounted 
motors, New York Central Railroad 
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11,000-volt, 


single- 


25-cycle, 
phase'a-c multiple-unit car equipped with four 
truck-mounted motors, Pennsylvania Railroad 


Figure 2. 


The maximum practical accelerating 
rate for a train having two motors per car 
with 55 per cent weight on drivers is 1.5 
miles per hour per second. At this rate 
the maximum adhesion on the driving 
axle which unloads because of weight 
transfer, reaches about 18.4 per cent. 
With every axle motored, 2.0 miles per 
hour per second can be obtained with a 
peak adhesion of only 12.9 per cent. Even 
digher rates are practical; 2.5 being a 
modern subway standard, and three or 
four miles per hour per second being ob- 
tained by Presidents’ Conference Com- 
mittee (PCC) cars every day on city 
streets, where rail conditions are by no 
means favorable. 

High braking rates can be obtained by 
conventional methods without exceeding 
practical adhesion values, but the added 
wheel and shoe duty plus the complicated 
mechanisms required to protect against 
excessive damage in case of wheel sliding 
become very burdensome. Trains with 
every axle motored are ideally suited for 
the use of dynamic braking, with a 
2.0 mile-per-hour-per-second decelerating 
rate producing a peak adhesion of about 
11.1 per cent and a 2.5 mile rate 14.3 per 
cent. 

Dynamic braking with only 55 per cent 
of the train weight on drivers (that is, 
with two motors per car) is not very 
attractive or practical, even the low rate 


Table |. Weights of Equipment 


SS 


New York Pennsylvania 

Central Railroad 
(650 volt d-c 75-  (11,000-volt 25- 
toncar. 1.5mphps_ cycle a-c 68-ton 
acceleration, no ear. 1.0 mphps 
dynamic brake, 70 acceleration, no 


mph maximum) dynamic brake, 80 
mph maximum) 
Motors Fer Car Motors Per Car 
Four Two Four Two 
Motor 
weight. .10,700 ...10,400...11,584 ...12,240 
Control 
welgnt., 4,500 ... 4,500. ..12,716 |..15,060 
15,200*. ,.14,900.. 24,300}. . .27,300 


*Motors good for 2.0 mphps dynamic braking with 
Some reduction in car weight. 


TMotors good for 2.0 mphps dynamic braking. 
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Table Il. Effect of Dynamic Braking on Brake 
Shoe Life 
Per Cent Per Cent 
Without With 
ERLOMEeY COACH tractors sitter, ohe 100... .300 
Rapid transit train............100....500-1,300 
Diesel-electric freight loco- 
motives and train*..........100....170—3104 
Diesel-electric passenger 
locomotives and trainf....... 100... .800-340! 


*3 1,350-horsepower unit hauling 80 car trains. 
+3 2,000-horsepower units hauling 13 car trains. 


of 1.5 miles per hour per second producing 
an adhesion of nearly 16 per cent. 


Adaptability of 4-Motor Equipment 


Only modern equipment with every 
axle motored serves all the foregoing 
needs best. Furthermore, better ad- 
vantage can be taken of technical prog- 
ress in reducing the weight of cars and 
equipment. Such weight reductions re- 
lease motor capacity for other than purely 
weight hauling purposes. Trains with all 
axles driving can use this released motor 
capacity to produce extra performance 
without exceeding workable adhesion 
limits. This would be impossible with 2- 
motor equipments, whose performance is 
already pretty definitely limited by ad- 
hesion. 

Distributing motor capacity over all 
axles instead of concentrating it on half 
the number or less, permits using space 
which would otherwise be wasted to 
secure important high-quality design 
features as described in a companion 
paper by F. C. Kreitler.2, Truck-mounted 
instead of axle-hung, motors greatly re- 
duce unsprung axle loading. Better 
riding qualities and reduced wear and 
tear on both motor and truck parts re- 
sult from the corresponding reduction in 
road shock. Self-contained gear units are 
semipermanently axle-mounted on roller 
bearings. This completely eliminates 
friction bearings and the annoyance of 
gearing trouble caused by misalignment. 
Oil bath lubrication of gearing insures long, 
quiet, dependable operation. Smaller 
and lighter parts, and the possibility 
of dismounting either motor or gear unit 
without disturbing the other, facilitate 
handling and mean reduced maintenance 
expense. For example, the motor arma- 
ture of the new 4-motor a-c equipment 
for the Pennsylvania Railroad weighs 
only 680 pounds compared to 1,880 for a 
comparable armature for a 2-motor car, 
and the motor itself weighs only 1,875 
pounds instead of 5,000. Imagine what 
this can mean personnel and _ facility- 
wise. 
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Equipment of this general type has 
demonstrated its ability to operate for 
years in difficult service with one-half to 
one-third the frequency of inspection re- 
quired for older conventional equipment, 
and at two-thirds the direct inspection 
cost. No intermediate shopping for at- 
tention to equipment is required between 
overhauls; therefore, greater savings 
actually accrue because of fewer trips to 
the shop. Not only is less attention 
needed, but it is more conveniently given. 


Weight and Cost 


Formerly the extra weight and cost of 
conventional 4-motor equipments as 
compared to 2-motor equipments tipped 
the scales against them. Modern designs 
and production now have equalized and, 
in the a-c case, reversed this situation. 
Table I shows how the weights of new 4- 
motor equipments recently placed in 
service by the New York Central Rail- 
road (100 cars) and the Pennsylvania 
Railroad (50 cars) compare with those of 
comparable 2-motor equipments. 

If reasonable quantities are pur- 
chased, the price of 4-motor equipments 
is no higher than that of 2-motor equip- 
ments. 


Other Factors 


Many factors, aside from the opera- 
tional advantages previously described 
favor the use of four small motors in 
place of two larger ones. 


1 Commutation constants are usually 
better, for both a-c and d-c motors. 


2. Windings of both field and armature are 
simple and the coils are short, minimizing 
the effects of contraction and expansion so 
that they stay in good condition longer. 


3. Bearings and other parts for the smaller 
motor cost only about one-fourth to one- 
half as much as those for the larger one. 


4. The 6-pole a-c design becomes sturdy 
and simple enough to encourage self- 


Table Ill. Approximate Energy Consump- 
tion of Transportation Vehicles 


Input Per Cent 

Watt of Input 
Hours Per Dissipated 
Ton Mile by Brakes 


Passenger trains (stream- 
liners, average to moun- 


tainous tezritory).......... 32 15* 
Freight train (average pro- 

file) eran ee eine eta soos 17.2 .18* 
Freight train (mountainous 

EeMItOKY) Ss) cnet ve a sine 20 44% 
Trolley coach (level).........237 or 80 
Rapid transit. Car... ea ae 82-103... .67 
Suburban multiple-unit car... 100-158. . . .68-72 
*Estimated for trains of reference 4. 
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ventilation. With the gear ratio available 
this is quite practical. It has the advantage 
of eliminating costly air ducts, flexible con- 
nections, external blowers, and the nuisance 
and expense of maintaining them. 


5. In neither a-c nor d-c design can the 
motors exceed maximum safe speed, there- 
fore, no overspeed or slip protection is 
necessary. This is a new self-protecting 
feature in a-c motors. Many of the conven- 
tional motors now in use will run faster on 
the road than the maximum safe motor 
speed. This protective feature; brought 
about partly by the new fan load, consider- 
ably simplifies control problems. 


6. Existing 2-motor a-c equipments have 
been judged too slippery to operate except 
with motors permanently in parallel. This 
requires the main motor circuits to handle 
very heavy currents. With accelerating 
adhesion reduced to one-half and the self- 
protecting features described under (5), four 
motors can be run two in series-two groups 
in parallel, doubling the transformer second- 
ary voltage and halving the current. 
Thus the low-voltage low-flux, series motor 
design can be retained and reasonable 
power circuit currents secured at the same 
time. This motor grouping has made 
possible a motor-driven cam-operated main 
controller, something new to the a-c car 
field and an improvement which has been 
sought for many years. W.S. O’Kelly has 
described this new control system in a com- 
panion paper.® 


Dynamic Braking 


Dynamic braking seems so inevitably 
a part of the future development of the 
suburban multiple-unit car that more 
should be said about it here. The prob- 
lem of moving trains is simply a matter 
of pouring energy in and draining it out. 
Elaborate, expensive, and sturdy ma- 
chinery has been developed for the “in” 
process—yet it is often idle 25 per cent 
of the time the train is in motion, Cer- 
tainly logic dictates putting this invest- 
ment to greater use by making it serve 
the ‘‘out’’ cycle as well. This is accom- 
plished by the addition of only a fraction 
of the total cost of the propulsion machin- 
ery. Against this fraction can be credited 
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direct and secondary gains from reduced 
maintenance on brake shoes, wheels, 
brake equipment, and so forth. 

Every transit vehicle whose preform- 
ance and acceptance have shown notable 
improvement in the past 20 years has 
overcome the deceleration obstacle by 
adapting its propulsion machinery to 
braking. The modern streetcar adopted 
dynamic brakes in 1930, when it shucked 
off a 80-year old shell and stepped out as 
the Presidents’ Conference Committee 
model, The trolley coach outgrew fric- 
tion brakes in the middle 1930’s and the 
rapid transit car a little later. After a 
slow start, primarily as a holding brake 
for diesel-electric locomotives descending 
grades alone, the dynamic brake has 
earned its place on railway locomotives 
to the extent that at least one large 
western railroad has applied it to all road 
locomotives, both freight and passenger, 
and makes its use mandatory everywhere 
possible, in level as well as mountainous 
territory. 

One of the reasons for this state of 
affairs is clearly shown in Table II. 
Obviously such increases in life mean 
substantial direct dollar savings in ma- 
terial and labor of application, to say 
nothing of indirect savings due to less 
handling and better planning. Evidence 
is available from rapid transit operations 
showing that wheel life is increased up to 
100 per cent, which further adds to direct 
and indirect savings. It is reasonable to 
expect that suburban multiple-unit cars 
would show results substantially in line 
with those for rapid transit trains. 

Not so much is known about the effect 
of dynamic braking on increased life of 
wheels on locomotive-hauled trains, but 
assuming that over-all life and miles be- 
tween turnings can be increased from 80 
to 50 per cent, savings would be at least 
equal to those obtained from increased 
brake shoe life. 

The need for dynamic braking is 
directly related to the amount of energy 


No Discussion 
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dissipated in the brakes. This depends, 
upon the energy input to vehicles im 
various services and the percent of this 
input appearing at the brakes. Both as- 
sume formidable values in high-schedule- 
speed and/or frequent stop service. Table 
Ill shows approximate representative 
values for these two factors. Technically, 
among all these vehicles, the suburban 
multiple-unit car needs dynamic braking 
most, yet it is the only one not using it. 
Time will serve only to increasingly ac- 
centuate this need. 


Conclusion 


Suburban trains having all axles 
motored and equipped with dynamic 
braking can furnish smooth, quiet, fast, 
dependable service. They appear best 
suited to the future requirements of a 
public already accustomed to floating 
power and rubber tires. 

Equally important, they offer the rail- 
roads just as much as they do their cus- 
tomers: 


1. Reasonable first cost. 


2. Better utilization and more intensive 
use of rolling stock through more versatile 
and dependable equipment. 


3. Reduced maintenance expense through 
higher quality design. 

4. Smaller, lighter, less expensive parts. 
5. More convenient to handle. 


6. Less attention required and more con- 
venient maintenance, 
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A New Maultiple-Unit Car Motor 


for the Pennsylvania Railroad 


H. G. JUNGK 


MEMBER AIEE 


NEW wmultiple-unit car motor de- 

signed and built for the Pennsyl- 
vania Railroad electrification is the 
type 431-A single-phase series motor with 
a shunted interpole, no compensating 
winding, and with resistance leads 
in the armature winding. This motor 
has a continuous rating of 225 horse- 
power at 328 volts and 760 amperes 
at 1,270rpm. The top sustained running 
speed is 2,800 rpm. The corresponding 
car speeds are 41.3 and 91.1 miles per hour 
respectively with 36-inch wheels and a 
17/56-two diametrical pitch gear ratio. 
The average accelerating tractive effort 
of the car (two motors) is 7,000 pounds 
at 1,050 amperes per armature. 

This motor has eight poles and eight 
brushholders with three brushes each of 
of 3/8 by 2%/s by 2'/s-inch long electro- 
graphitic carbon. The ventilating air en- 
ters the air-intake at the rear or pinion end 
of the frame and is forced through three 
parallel paths to the front or commutator 
end where all of the air is baffled to pass 
down over the commutator and brush- 
holders and out through the front hous- 
ing. fr 

These new motors are smaller than the 
412-D and 426-A types now in operation 
on Pennsylvania Railroad multiple-unit 
ears and have smaller pinions and gear 
center distance but the frames are de- 
signed to fit in the same trucks with the 
same size axle bearings and the same nose 
suspension details as on the present cars, 


Paper 51-36, recommended by the AIRE Land 
Transportation Committee and approved by the 
ATEE Technical Program Committee for presenta- 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 22-26, 1951. Manuscript 
submitted October 25, 1950; made available for 
printing November 21, 1950, 


H. G. Jonex is with the Westinghouse Electric 
Corporation, East Pittsburgh, Pa, 
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As a result, the frames, housings, axle 
bearings, axle caps, and other stator parts 
weigh about as much as on the corre- 
sponding 426-A motors with fabricated 
frames but less than those of the 4/2-D 
motors with cast steel frames. The arma- 
tures operating at twice the speed of the 
412-D armatures are much lighter. The 
comparison of weights are given in Table 


Table | 

412-D 426-A 431-A 

Weight—motor complete 

with gear case, axle bear- 
ings, and axle caps,,... . 6,490, 5,988, 5,344 
Weight—pinion. ...........5 — 185,, 16, 61 
SPOLA AG os etnias erie ae 6 ae Og UNO. 50, 000,10, 400 
Weight armature, ...... , 2,350, .3,380. .1,615 


The 43/-A motors are geared to give 
the same starting and accelerating trac- 
tive efforts per car as the 4/2-D motors 
but will operate up to 90 miles per hour 
as a sustained running speed while the 
412-D's are limited to 70 miles per hour 
and the 426-4's to 80 miles per hour top 
speed, Although intended for the lighter 
MP-54 cars, the 43/-A motors have the 
capacity to accelerate the heavier P-70 
cars if applied on them, 

The two motors on a car are connected 
in parallel to the transformer rather than 
in series as is generally done on both a-c 
and d-e motors. This minimizes the 
tendencies of wheels to spin when a wheel 
slip occurs. 

After a careful study of the experiences 
over the past 40 years with a-c multiple- 
unit car motors of various combinations 
of resistance leads, interpole fields, com- 
pensating windings on doubly-fed, re- 
pulsion and series types with high, low, 
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and medium flux per pole, the type 437-4 
motor was designed with series fields and 
interpoles in the stator and _ resistance 
leads in the armature to give simplicity 
in both motor and control, The me 
chanical and the electrical parts are sub 
stantially built and with sufficient margin 
in rating to insure low maintenance cost, 

A number of features, incorporated in 
the design to eliminate some of the 
troubles experienced in the past and to 
simplify maintenance, are applicable to 
any motor while others are possible only 
with the resistance lead design, 

The features adaptable to any design 
and their importance in reduced cost and 
maintenance are briefly as follows: 


REAR END VENTILATION 


Many of the insulation failures on 
commutator motors are developed by in 
troducing ventilating air at the com 
mutator end, Overheating of front end 
ventilated 426 motors has been caused by 
improperly fitted commutator covers and 
air leakage, On the 43/-A 


motor, ventilating air is introduced at the 


resultant 


rear or pinion end, so that carbon dust 
from brush wear is blown out of the motor 
instead of into the windings, This ma. 
terially reduces the possibility of accumu- 
lation of dirt on exposed creepage sur> 
It also has the advantage that if 
the commutator covers do not fit tightly 


faces, 


or if they fall open or drop off, ventilation 
will not be atfected, 


PRRINSULATRD ARMATURE COILS 


To reduce grounds and short cireuits 


which now oceur with the threaded-in 


View from pinion end-type 431-A 
motor 


Figure 1, 


View from commutator end-type 
431-A motor 


Figure 2. 


fold-over straps used on the more recent 
motors, open armature slots are used so 
that the coils may be preinsulated and 
baked before winding into the slots. The 
coils are still constructed from two half- 
coils connected at both ends after winding 
so as to retain the advantages of winding 
and case of repairing such windings. 


PREINSULATED STATOR COILS 


To improve the insulation of stator 
coils, and to reduce coil lead breakage, the 
exciting field coils are formed, prein- 
sulated and baked before winding into 
open slots. The coils are connected, all in 
series, to carry full line current and thus 
the conductors are of substantial cross 
section and strength. The interpole coils, 
like those on d-e motors, are completely 
wound, insulated, and baked before wind- 
ing over the interpole. This makes the 
construction simple and rugged, 


BRUSHHOLDER SUPPORT 


Commutator motors usually have 
brushholders mounted in the frame and 
any repairs, replacements or neutral ad 
justment tie up a complete motor, The 
431-A supporting 


arms are mounted on the housing thus 


motor brushholder 
providing for quick removal and replace- 


ment in case of trouble. This unit of 


Figure 3. Commutator end housing complete 
with brushholder supports and brushholders— 
type 431-A motof 
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housing and supports with brushholders 
can be repaired at the bench and location 
of holders checked and held on neutral. 
The features applicable only to a re- 
sistance lead design and their importance 
in reduced cost and maintenance follows: 


Less COMMUTATOR HEATING 


Overheating of commutators, with re- 
sulting flat spots causing high commutator 
maintenance and brush breakage, has 
been one of the most elusive troubles 
with the commutator-type motors in 
locomotive service. The resistance lead 
design reduces commutator heating. The 
resistance leads carry current only when 
the corresponding commutator bars are 
under a brush. Since this occurs in any 
one lead only 10 to 12 per cent of the time, 
the resistance of the lead can be made 
high enough to substantially limit circu- 
lating current inthe brush face and arma- 
ture circuit at standstill, and at low speed 
and high tractive effort where the inter- 
pole has no effect because of zero or very 
low speed. Since the total brush loss and 
resistance loss in the windings is prac- 
tically the same per horsepower regard- 
less of poles and windings, part of this 
commutation loss can be absorbed in the 
resistance leads around the armature thus 
relieving local heating on the commutator 
surface and brushes. 


HiGHER FLUx PER POLE AT START 


The circulating currents in the brush 
face are set up by voltage induced in the 
armature coils by the alternating flux per 
pole. Since the circulating currents can 
be held to safe values by resistance leads, 
the exciting flux per pole at start and for 
heavy currents on the 43/-A motor was in- 
creased to almost twice that permissible 
on a motor with no resistance leads. 
Hence it is not necessary to shunt the ex- 
citing field at start. 


HIGHER Moror VOLTAGE AND LOWER 
CURRENT 


Increasing the flux per pole increases 
the line voltage and lowers the line cur- 
rent and number of poles accordingly. 
Hence the required starting tractive 
effort of 7,000 pounds per car is obtained 
with only eight poles and at 1,050 am- 
peres. A conventional motor without 
resistance leads geared for the same com- 
mutator peripheral speed would require 
1,800 amperes and 12 poles for the same 
starting tractive effort. 


LESS CURRENT IN CAB WIRING 


The lower current results in reduction 
in the size of the transformer low-voltage 
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Figure 4. View of wound stator from pinion 
end-type 431-A motor 


terminals and the size of the car cable in 
the ratio of 720 to 1,120 or by 64 per cent, 
and in the current rating of the main cir- 
cuit control apparatus. 


FEWER ACTIVE Motor PARTS 


With a higher voltage and lower line 
current for eight poles, only 24 brushes 
are required and eight brushholders. 
Likewise, eight exciting field and inter- 
pole windings and only 204 commutator 
bars, reduce the weight, first cost, and 
maintenance cost. 


Less ARMATURE WEIGHT 


The 204 bar commutator is only 121/4 
inches in diameter and can run at 2,800 
rpm with 9,000 feet per minute peripheral 
speed to give a car speed of 90 miles per 
hour with 86-inch wheels. The lighter 
high-speed motor requires smaller shaft, 
roller bearings and pinion, all of which 
reduces weight and cost. 


ONE INTERPOLE SHUNT SETTING 


Resistance leads absorb some of the 
higher frequency commutating currents 
and sparking. The interpole excited with 
25-cycle current will only compensate for 
25-cycle commutation but the resistance 
leads will compensate at any frequency. 
This means less sparking at the higher 
speeds and currents as well as at start 


View of wound stator from com- 
mutator end-type 437-A motor 


Figure 5. 


AIEE TRANSACTIONS 


Figure 6. View of armature from pinion end— 
( type 431-A motor 

where resistance leads are used. As a 

result only one interpole shunt setting is 

required and control is simplified. 


Low Brusu CurrENT DENSITY 


High-voltage and low-line current make 
it possible to keep brush density at lower 
values, 67 amperes per square inch at 
continuous rating and 98 amperes per 
square inch at starting (7,000 pounds 
tractive effort per car), 


No BREAKAGE OF COMMUTATOR RISERS 


Many failures have occurred in the past 
few years on armatures due to broken 
commutator risers. Armature coils are 
connected to the resistance leads and not 
to the commutator risers thus reducing 
the possibility of this breakage and also of 
burning behind necks, at the same time 
facilitating armature repairs if a failure 
should occur. 


EQUALIZATION OF CURRENT TO 
BRUSHHOLDERS 


The introduction of resistance leads 
equalizes the division of load current be- 
tween brushholders. On any full multiple 
wound armatures, there are as many 
parallel circuits as there are poles or 
brushholders. With armature cross con- 
nections, the impedance between brush- 
holders is low especially for current surges 
and transients. The increase in resistance 
in paths due to resistance leads will tend 
to keep the current balanced in all the 
circuits and pairs of brushholders. 

A view of the assembled motor from 
the pinion end, Figure 1, shows the 


Discussion 


R. Lamborn (General Electric Company, 
Erie, Pa.): We wish to thank the author of 
this paper for bringing the subject of re- 
sistance-lead motors once more before the 
public. If we take his paper at face value it 
indicates that the use of resistance leads 
alone has made possible numerous otherwise 
unattainable operating advantages, 

I would like to point out that such is 
definitely not the case. Among the simpli- 
fications claimed for a multiple-unit car 
equipment using resistance-lead motors are 
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pinion, axle bearings, motor-lead cables, 
and junction box, also the air intake just 
above the frame barrel. In Figure 2, the 
nose support, safety nose, commutator 
covers, air intake at the rear and air out- 
let openings in the commutator end 
housing are seen, from the commutator 
end view. 

The commutator end housing, Figure 
3, complete with brushholders forms an 
assembly which is located on neutral by 
means of the half-hole in the flange. This 
half-hole fits around a dowel pin set on 
neutral and welded in place on the frame 
flange. The roller bearing cartridge 
mounts in the bored seat and is held in 
place by bolts through holes drilled in the 
housing. 

Wiring and connections of the excit- 
ing field coils are made at the rear or 
pinion end of the stator as in Figure 4. 
Completely preinsulated and baked, these 
coils are wound under the main pole tips 
by a new and novel method of first ex- 
panding the coils to pass over the pole tips 
and then stretching again to bring the 
coil sides in place against the main pole 
body. The interpoles have no tips and 
the sides are parallel. Hence, after the 
exciting field coils are in place, the inter- 
pole coils, pre-insulated and baked, are 
dropped down over the poles in the usual 
manner. 

Interpole field connections and leads to 
bruskholders are at the commutator end 
of the wound stator, Figure 5. The air- 
baffle ring, also at this end, directs the air 
from back of the punchings down over the 
stator coil ends to the commutator sur- 
face. Above the frame at the terminal 
board the flexible straps from the stator 
wiring are shown bolted to terminal 
straps. These straps are mounted on in- 
sulators, two to a terminal, bolted to the 
frame plate. The dowel for locating 
neutral is not in this picture. The bolt 
hole by which the dowel is held in place 
before welding is between two of the 
housing bolt holes. 

Armature coil ends are connected to re- 


listed absence of exciting field shunts for 
starting, and the need of but one interpole 
shunt setting. Multiple-unit cars operating 
on the Reading Railroad at Philadelphia 
have low-flux motors without resistance 
leads. They use no exciting field shunts for 
starting, and have but one interpole shunt 
setting. These motors have been operating 
on the Reading Railroad for almost 20 years. 

A better comparison would be to choose 
two equipments designed at approximately 
the same date for the same service by two 
different groups of engineers. I refer to the 
Westinghouse 2-motor resistance-lead equip- 
ment versus the General Electric 4-motor 
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Figure 7. View of armature from commu- 
tator end-type 431-A motor 


sistance leads at the rear end of the arma- 
ture as in Figure 6. The ventilating air, 
entering at the rear, blows down over 
these connectors and then under the coil 
support into axial holes through the arma- 
ture punchings and out again at the front 
end between coils just ahead of the punch- 
ings. At the commutator end of the 
armaturey.Figure 7, the resistance leads 
pass from the bottom of the armature 
slots to the risers of the commutator 
bars thus connecting the armature coil 
ends at the rear to the commutator bars 
at the front end of the armature. The 
outside cylindrical surface of the risers is 
insulated with glass and mica and serves 
as a supporting surface upon which the 
armature coil ends are banded down in 
place. 

This allows the armature coils to 
expand and contract independent of the 
commutator risers. The commutator is 
of the disk spring rig type designed for 
high-speed operation. 

It is not the purpose of this paper to 
develop a treatise on the theory of design 
of motors but rather to point out new 
features of the 431-A motor and to de- 
scribe some of the advantages of this par- 
ticular combination of design chosen to 
produce a multiple-unit car motor simple 
and rugged in structure in order to give 
reliable service. The new motor costs less 
and weighs less than previous designs and, 
at the same time, provides considerable 
margin in rating. With fewer working 
parts and simpler control, greater re- 
liability in service and lower maintenance 
expense should be realized. 


low-flux motor equipment for the Pennsyl- 
vania Railroad multiple-unit cars covered in 
the paper by R. A. Williamson. The fea- 
tures shown in Table I of this discussion 
are all stated by Mr. Jungk to be definitely 
favorable to a resistance-lead design. 

This comparison speaks for itself. The 
GEA-630 low-flux motor equipment equals 
or excels the 43/-A resistance-lead design on 
every count. 

Rather than providing advantages, the 
presence of resistance leads must be con- 
sidered a disadvantage. In effect, they con- 
stitute an additional armature winding. 
This"if¢rease in the number of parts, the 
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Table | The armature windings of both the 43/-A 

ee = and the General Electric Reading motors 

~S  eNN  Wea oa as Is ee are made up of half-coils with connectiotis 

Rosle ce ESpare from bottom to top halves at both ends. 

Item Equipment Equipment This was done to simplify winding and re- 

= = pairs. The armature windings of the 

Becitineneldiehuncaterack wane: Bont GEA-630 motors are made up of full coils 

“Lower” accelerating current... vs = Z = Z ss heen, 2, 100 amp... qonteg eee “1,630 amp with continuous loops at the rear instead of 
“Lower’’ continuous Reet a .1,440 amp. .1,140 amp connectors. 


Breakage of commutator risers........ 
Equalization of current to brush holders 


2% 204% 6 = 2 1448, 
2X1,615=3, 230 Ib. 


4X171X2=1,368 
. 4X 680 = 2,720 lb. 


ONG rel. asietecteat eree trans One 
No wwroblemisincsnins sai sees No problem 
RRs cabo aman No problem 


No problem 


number of bare copper connections, and the 
greater area of insulation between live 
parts and ground must be considered a 
potential source of trouble and additional 
maintenance cost. When all the facts are 
weighed, we believe that resistance leads 
have no place in modern a-c railway motors. 
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H. G. Jungk: The thoughts behind the 
choice of the Westinghouse 43/-A resist- 
ance-lead motor for multiple-unit service 
were: 

1. A chief concern in multiple-unit car 
operation is to transport the maximum re- 
venue passenger-miles with available equip- 
ment for the least expense in maintenance 
and operation. ‘ 

2. Fewer working parts will require less 
attention and replacements and hence less 
maintenance expenditure. 

3. Brushes, commutators, bearings, gear- 
ing, all require attention and replacement 
when worn. Windings, leads, and brush- 
holders may be damaged in service and must 
be replaced occasionally. 

Hence, the fewer there are of these parts 
and the easier it is to inspect and replace 
them, the lower should be the running ex- 
pense and delays in service. 

With the 2-motor equipment of type 
431-A resistance-lead motors we have re- 
duced the number of working parts and have 
provided accessibility for inspection and re- 
placements. 

Mr. Lamborn refers to the Reading Rail- 
road 12-pole motor, which has no resistance 
leads and operates with no exciting field 
shunts and with but one interpole shunt 
setting. We agree fully that this motor has 
a fine operating record on the Reading 
Railroad multiple-unit cars. Also, as 
applied, this motor has considerable margin 
in rating with the two motors per car and 
forced ventilation. 

The 431-A motor is designed to do all of 
this for less weight per motor, fewer working 
parts, and less current per motor, also with 
a generous margin of safety both in top 
operating speed and in emergency opera- 
tion. We have gone a step further by con- 
necting two armatures in parallel to 
minimize wheel slippage and, in case of 
failure of one motor, to provide for con- 
tinued operation of the other motor on the 
car. 

Mr. Lamborn has made a tabulation of 
figures to compare the four GEA-630 motors 
with the two 431-4 motors. This should be 
amplified to include moré ofthe working 
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parts and also to include some of the Read- 
ing motor data. 

As to the number of soldered joints, we 
have added the equalizer or cross-connec- 
tion joints, which also are soldered. We 
always have considered the soldered joints 
in the commutator risers more vulnerable 
than those in the coil-end connectors at the 
rear of the armature, because the commuta- 
tor bars are heated by commutation losses 
as well as by joint losses in the risers. This 
additional heat adds to the hazard of 
thrown solder, On the 431-A motors, the 
commutator risers join to the resistance 
leads only, and thus these joints carry cur- 
rent but 10 to 12 per cent of the time, that 
is, when the corresponding commutator bars 
pass under the brushes. The resistance 
leads extend through the armature slots to 
the rear end, where they are then connected 
to the armature coil ends and equalizers. 


Table II of this discussion gives a com- 
parison of all three types of motors. Since 
the General Electric Reading motor and the 
Westinghouse 426-A motor are practically 
the same electrically except for the number 
of turns in the field windings, we have shown 
some and prorated other data from the 
426-A motor equipment in making up the 
tabulation for the General Electric Reading 
motor. On some of the earlier 12-pole 
armatures of this type, the equalizers were 
located at the rear end of the armature. On 
all of the later ones the equalizers were 
placed in the commutator risers. 

This comparison of figures shows that the 
multiple-unit car equipment with two 
431-A resistance-lead motors per car has 
fewer poles, brushholders, brushes, exciting 
and interpole field coils, and no compensat- 
ing field coils in the stator. In the two 
armatures on the car the 43/-A motor 
equipment has fewer commutator bars, 
fewer armature conductors, fewer equal- 
izers, and fewer soldered joints, especially 
in the commutator risers. All of this should 
result in lower maintenance cost and lower 
operating expense. 


Table Il 
Type Motor W-431-A G.E. Reading GEA-630 

Wimber' of motors pericatisn een see ete cine iene DMT sire £0 Dh cites wee 4 
Sets of gearing per car. athe vc brodey ie iwc ae Disks Gakitere ses 2. a3 Oe 4 
Number of roller beatings per Cae Fae tc on Rian ste PN ay: 8 onc noe 24 
Weight of one armatnresss. Jancis eens te 1, OLSum tense 2 300% tie 680 
Weight of armatures. per car.) a7 ses cieies dice 1 ee cease: A700)... so eee 2,720 
Ventilation <i: .5 i416 sites ucabacnch aaa aera eek ee Forced. Forced’... canvas Self 
Maximum speed, siipligas iis cle arcane a etch: aie een ee ON ant hit sonviees 72.0.2 ee 92.5 
Nominal continuous hp rating, one motor............... 225 ae ite 212.5. . oe ee 125 
Nominal continuous hp rating, per car,..............005 ASO sisi 425. eee 500 
Contintiots amperes per motor,)...04 0606-0. ensuy es aren 720. 1’, 100»)... See 570 
Continuous amperes per car.......... 1,440. 1, LOO}, nr ee 1,140 
Continuous tractive effort per car..............00eeeuee Bi LOOM a ane een 45160. ia... 00Ree 4,100 
Accel, amperes permHioOLor: ijjdasiyausien ie enn eee et TODO sana ears 1 800).) chee 815 
Accel. amperes per Gatiny sais ic On ee ence ee DeLOOkin wrest 15800. 20) aa 1,730 
Accel. tractive effort per CAL Ks iv A en ee eis acco 7 O00. Saeed Ti O0O rat es seen 7,000 
Poles per motor, SI iar ai et ire ae a Rhee part 12 ors, ee 6 
POleSPEr COL. iii ve dicpe pe ranyarstels ag ae haan cphon onan 6 UOT eta 7 EC 75.00 24 
Brash holders per cars. ts hast oe de oe eerste ee tae eet Aen as LO rc 5). 24 
Brushes per Roldeti aids s so sae hekinttes re ot ee | ney ede sy hie 2 3 
Brushes per Gans whe fore Whoe ane ee erat Rin «eee ee Ceara eke 34 06) oi oe 72 
Exciting field coils per < Catt. iF, cette ae ene foes 1G ica Rios teo 24 «. sate 24 
Compensating field coils per car... .....0.00 ees ces yours None. by Si 48 
Interpole fieldiicoilsper:catacja cnt sna eiieeete ene ate ater UG ei ate ts a Bacio eee 24 
Stator: coil: end jgointsy. anes are wai tetra oecie ulet aeeaeae GA rece ae bt VAS), ick ea eee 192 
Comniutator bars: pet motor gc scas cru aoe cao see eee OG tie, sean S063 Sci 171 
Comimtator bara "per Cdr. corns cabo cna te watieman RO Stys. ona: 612\..5, on nee 684 
Armature conductors per Gabi. do ci 0s aa cas y Hable a axoee SIGs teint ee 1 224 cece 1,368 
Armature equalizers per Garg.aie 1s ooo oynadet ome oe Gisela 60.2)... eco 684 
Armatire-half-coil ends pet can. g..0. \ cei sas hin ence 1,682) psn 2,448 
Armature-full-coil endsiper Cag iseiiy is, «diesen aia lapisiny el. aoe atels al ruelisueueiral aleiheeet eee eee er dicl aee ane 1,368 
Equalizer ends pet car. ci..aan sir amie ae he meee ane Pa Pee. Me 1,224 ..1,368 
Resistance lead ends‘ per'cath oun sc teak oaietes interes entemice 816 

Total ends: s. << cesses ha Me RR ES aor Ee PSete XO eacn hah Bi Oe Sianesc:9) chet el 2,736 
Armature coil ends in commutator risers per Car... .. 66... ee D226 oe Gre eee 1,368 
Equalizer ends in commutator risers per Car...........--ce0ssncerstrvene Dy 2 cs ae 1,368 
Resistance lead ends in commutator risers per car,....... . 408 

Total joints in commutatot risers............0+.005 A088 hci evs 2 448 oo. on ee 2,736 
Armature coil ends, front, mot im risers.............0.005 816 
Resistance lead ends, rear, per Caf.......0ve-sseovussete 408 
Equalizer ends, rear, per care, ee anne nae nen 272 
Atmature-coiljends, rear, pericatameeiien aainiianetc cae BL ice hontenies 1,224 

Totaltyoints, rear’. .i:c.4c apne eae ee eee eee ene 14968. .wevous 1,224 
Dotal joints per car,.,...... Soda ee ene ree ete Dat 20). ora cen 8502s ate nee 2,736 
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AIEE TRANSACTIONS 


Bibliography of Relay Literature 
1947-1949 


AIEE COMMITTEE REPORT 


HIS interim report was prepared by 

the Project Committee on Relay 
Bibliography of the AIEE Relay Com- 
mittee in order to make this information 
available to the entire industry as early as 
feasible. Again, as in 1948, when the 
last interim report was published, a 3- 
year period is covered. 

Relay bibliographies have been pub- 
lished in the following reports: 

1927-1939, ATEE Transactions, volume 
60, 1941, pages 1435-47. 

1940-1943, ATEE Transactions, volume 
63, 1944, pages 705-09. 

1944-1946, ATEE Transactions, volume 
67, part I, 1948, pages 24-27, 

The articles listed in this bibliography 
include all papers published in the United 
States in the field of relaying and in as- 
sociated fields; it also contains articles 
published in foreign countries that are 
available through abstracts in /ngineer- 
ing Index or in Science Abstracts, Section 
B, if not directly in the journals con- 
cerned. The listing of the titles is sub- 
divided into sections, depending upon the 
general substance of the article. In each 
section the entries are numbered con- 
secutively and listed alphabetically by 
year, the name of the first author deter: 
mining the alphabetical position. Each 
title is listed in one section only. 


Section A. Line Protection— 


Distance 


1. FunpAmMENTAL Basis ror DisTANCE RELAYING 
ON 3-PuHasE Systems, W. A. Lewis, L. S. Tippett. 
AIEE Transactions, volume 66, 1947, pages 694— 
709. 


2. A New Reacrance Distance Revay, C. G, 
Dewey, J. R. McGlynn. AIEEE Transactions, 
volume 67, part I, 1948, pages 743-46, and Electrical 
Engineering, volume 67, May 1948, page 445. 


3. GRAPHICAL MetHop FOR ESTIMATING THE 
PERFORMANCE or D1sTANck ReELAYS DuRING 
Fav.ts snp Power Swincs, A. R. Van C. Warring- 


1951, VoLume 70 


ton. AIJEE Transactions, volume 68, part I, 1949, 
pages 608-21. 


Section B. Line Protection—Pilot 
Wire and Carrier Current 


1, Uxrtra-Hicu-Speep RELAYS IN FIELDS oF 
PROTECTION AND MEASUREMENT, W. Casson, F. H. 
Last. Journal, Institution of Electrical Engineers 
(London, England), volume 94, part II, 1947, pages 
667-91. 


2. APPLICATION OF PILOT WIRE PROTECTION TO 
Lone 88-Kv TRANSMISSION Lines, W. Fenwick, 
C.P. Marais. Tyansactions, South African Institute 


of Electrical Engineers (Johannesburg, South 
Africa), volume 38, 1947, pages 128-30. 
3. Protection BY PxHase-Compartson, I-III, 


F. H. Brich. Electrical Times (London, England), 
volume 113, 1948, pages 691—94; volume 114, 1948, 
pages 9-12. 


4. MutcripLe UTILIZATION OF POWER LINE CaArR- 
RIpR Links, A. Goldstein. Brown Boveri Review 
(Baden, Switzerland), volume 35, 1948, pages 
120-24. 


5. CoupLtinG Capacitors AND TRAPS FOR RURAL 
Linge Carrier, AIEE Committee Report. AJEE 
Transactions, volume 67, part II, 1948, pages 1426-— 
28. 


6. HiGH-Fr&EQuENcy PROTECTION SYSTEMS FOR 
Hicu-Voutace Lines, G. I. Atabekov, E. D. Sapir, 
I. I. Solovev. Elektrichestvo (Moscow, U.S.S.R.), 
September 1949, pages 7-14. 


7. Uvtra-HicH-Sprep RELAYS IN FIELDS oF 
MEASUREMENT AND Prorecrion, W. Casson, 
F. H. Last. Proceedings, Institution of Electrical 
Engineers (London, England), volume 96, part II, 


1949, pages ppaEe, 

8. SENSITIVITY AND MetrHops of DETERMINING 
THE SETTING oF A LONGITUDINAL DIFFERENTIAL 
Line Prorecrive System, G. T. Grek, I, N, Popov. 
Elektricheskie Stantsii (Moscow, U.S.S.R.), volume 
20, April 1949, pages 35-38. 


9. Power Line CARRIER FOR RELAYING AND 
Jornt Usace—Part I, G. W. Hampe, B. W. Storer. 
AIEEE Transactions, volume 68, part II, 1949, 
pages 864-72; Electrical Engineering, volume 68, 
November 1949, page 976. 


Paper 51-38, recommended by the AIRE Relays 
Committee and approved by the AIEE Technical 
Program Committee for presentation at the AIEE 
Winter General Meeting, New York, N. Y., Janu- 
ary 22—26,1951. Manuscript submitted November 
16, 1950; made available for printing November 24, 
1950. 

Personnel of the AIEE Project Committee on Relay 


Bibliography: Eric T. B. Gross, Chairman; S. 
GovpsmitH; C. E. Parks; and C. L. Smita. 
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10, A ProposaL ror Broap-BAND COUPLING OF 
Power-Ling Carrier Eguipment, R. H. Miller. 
AIEE Transactions, volume 68, part II, 1949, 
pages 1028-31. 


Section C. Line Protection— 


Ground Faults 


1. A New Distance Grounp Revay, S. L. Golds- 
borough. AJEE Tyvansactions, volume 67, part II, 
1948, pages..1442-47, and Electrical Engineering, 
volume 68, January 1949, page 27. 


Section D. Line Protection— 


General 


1. DeEsirABLE FEATURES OF PROTECTIVE RELAYS. 
Journal, Institution of Electrical Engineers (Lon- 
don, England), volume 94, part II, 1947, pages 546— 
47, and Engineering (London, England), volume 
163, number 4226, 1947, page 33. 


2. Prorecrive Revays, W. Casson, F. H. Last. 
Electrical Times (London, England), volume III, 
number 2895, 1947, pages 495-96, and Electrician 
(London, England), volume 138, number 3595, 
1947, pages 1165-66 


3. THe OPERATION OF RELAYS AND PROTECTIVE 
SYSTEMS LN THE BEWAG SYSTEM DURING WARTIME, 
W. Franke. Elektrotechnik (Berlin, Germany), 
volume 1, 1947, pages 139-41. 


4. OvprRLoAD Protrgctive Devices, C. F. Hed- 
lund. Electrical Contracting (Chicago, Il.), volume 
45, November 1946, pages 119-21; volume 45, 
December 1946, pages 81-84; volume 46, January 
1947, page 81-84. 


5. Correctivt Measures Improve Link PER- 
FORMANCE, D. M. MacGregor. Electric Light and 
Power (Chicago, Ill.), volume 25, February 1947, 
pages 76-78, 80; and March 1947, pages 52-54. 
56-57. 


6. FAuLTY OPERATION OF UNBALANCE PROTECTION 
OF PARALLEL LINES DURING A SINGLE-POLE SHORT- 
Crrcuit on THE Apyacent Lines, A. D. Bulitko, 
F. F. Deryugin. Elektricheskie Stantsii (Moscow, 
U.S.S.R.), volume 19, October 1948, pages 27-28. 


7. Douste Eartu Faurrs, A. Salzmann. Elec- 
trician (London, England), volume 140, number 
3629, 1948, pages 29-32. 


8. CONCERNING SELECTION BY INTERLOCKING 
BETWEEN TRANSFORMER AND THE LINE PROTECTIVE 
Devices, J. Savatier. Revue Generale de I’ Electri- 
cite (Paris, France), volume 57, 1948, pages 102-04. 


9. Tue AppLicATION or HicuH-SpEeD PARALLEL 
Freeper Protective Gear, G. L. Smith BT H 
Activities (Rugby, England), volume 19, 1948, 
pages 320-23. 


10. Mopern Approach TO THE PROBLEM OF 
FauLt CLEARANCE IN HicH-VoLTAGE Networks. 
Brown Boveri Review (Baden, Switzerland), volume 
35, 1948, pages 131-34, 


11, RELAYING OF TRANSMISSION LINES FROM THE 
New Sunpury GENgRATING System, H. H. Green, 
J. A. G. Oewel, O. Ramsaur. AIJEE Transactions, 
volume 68, part II, 1949, pages 873-78, and 
Electrical Engineering, volume 68, December 1949, 
page 1031, 


12, Protective EQuipMENT oF THE INTERCON- 
NECTED AusTRIAN HicH-Vottace System, W. 
Weller. Osterreichische Zeitschrift fur Elektrizitats- 
wirlschaft (Vienna, Austria), volume 2, 1949, pages 
15-20. gre 
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Section E. Bus Protection 


1. Buspar Zone Prorection. Electrical Times 
(London, England), volume 112, number 2907, 
1947, pages 99-100. 


2. INSTANTANEOUS Bus-DirFERENTIAL PROTEC- 
TION Usinoc Busaino CuRR iNT TRANSFORMERS, 
H. T. Seeley, F. von Roeschlaub. AJEE Transac- 
tions, volume 67, part II, 1948, pages 1707-19, and 
Electrical Engineering, volume 68, March 1949, 
page 236. 


Section F. Apparatus Protection 


1, ReLAY PROTECTION OF PowER TRANSFORMERS, 
AIEE Committee Report. A/JEE Transactions, 
volume 66, 1947, pages 911-15; Electrical Engi- 
neering, volume 66, October 1947, pages 964-68. 


2. Prorecrion oF PowrrHouse AUXILIARIES., 
Power Plant Engineering (Chicago, I1l.), volume 
51, 1947, pages 118, 120, 122. 


3. TRANSFORMER ProTrecrion (A) Prorecrive 
Gear AND Scuemes, (B) THe SELECTION oF 
TRANSFORMER Protective Eguipment, G. Cour- 
voisier, H. Meyer, J. Stoecklin, A. Matthey-Doret. 
Brown Boveri Review (Baden, Switzerland), volume 
34, 1947, pages 147-73, 


4, Banx or Capacrrors Retnrorces 132-Kv 
Guaiv, L. F. Ferri, C. S. Dayton. lectrical World 
(New York, N. Y.), volume 127, number 13, 1947, 
pages 66-69. 


5. Siympiiciry IN TRANSFORMER PROTECTION, 
Eric T. B. Gross. Electrical Engineering, volume 
66, June 1947, pages 564-69. 


6. Typical TRANSFORMER FAULTS AND GAS 
Detrecror Reray Proruncrion, J. T. Madill. 
AIEE Transactions, volume 66, 1947, pages 1052— 
60, 


7. PowuRk RELAY vor THE AUTOMATIC CONNEGC- 
TION AND DISCONNECTION OF CONDENSERS, W. 
Aggestam. Jiricsson Review (Stockholm, Sweden), 
1948, number 3, pages 105-08. 


8, Tuermar Prorecrion or Power TRANS- 
yormens, C. L. Denault. Westinghouse Engineer 
(East Pittsburgh, Pa.), volume 8, 1948, pages 103— 
05, 


9. DirrerentTiaAL Current PROTECTION AGAINST 
EARTHING OF GENERATOR STATOR WINDINGS, 
V. L. Fabrikant, G. T. Grek. Eleklrichestvo (Mos- 
cow, U.S.S.R.), June 1948, pages 7-14. 


10. Use or ReLtavs Emsopyine Rapiwoiry Satu- 
RATING TRANSFORMERS IN DIFFERENTIAL PROTEC- 
tion, M.1. Tsarev. Elektricheskie Stantsii (Moscow, 
U.S.S.R.), volume 19, August 1948, pages 41-45. 


11. Connection ARRANGEMENTS AND PROTECTIVE 
Practices yor Saunt Capacitor Banks, N. R. 
Clark, S.B. Farnham. AJEE Transactions, volume 
68, part 11, 1949, pages 1226-31. 


12, Use ov Current TRANSFORMERS OF ZHRO- 
SEQUENCE WITH ANNULAR YOKE FOR THE PRroruc- 
TION OF Gunexarors, V. E. Kazanski. Flektriches- 
hie Stantsii (Moscow, U.S.S.R.), volume 20, March 
1949, pages 39-41, 


13. PracricAL Measures ror Onrainine Dyr- 
FERENTIAL Prorucrion, A. Muratori. Elettrotec- 
nica (Milan, Italy), volume 36, 1949, pages 32-37. 


14, Rapiw Fin_p Supprussion vor SYNCHRONOUS 
Generators (in German), F. Moldenhauer. 
Zeitschrift fur Elektrotechnik (Stuttgart, Germany), 
volume 2, 1949, pages 133-38, 


15. Auromatic GrounpING AND 
Swircues vor Prorecrion of TRANSFORMER 
Stations, E, A. Ricker, AIEEE Transactions, 
volume 68, part II, 1949, pages 851-57; Electrical 
Engineering, volume 68, December 1949, page 1024, 


Air- BREAK 


16. Swirenctar DirrerentiaL Revayine, H. T. 
Seeley. Distribution (Schenectady, N. Y.), volume 
11, number 3, 1949, pages 17-19. 


17, OverLoan Current Prorecrion or THE 
GENERATORS OF AvuTOmMATIC Hypro-ELucrric 
Powmur Srarions, E. E. Sirotinskii. Llektricheskie 
Stantsii (Moscow, U.S,S.R.), volume 20, November 
1949, pages 46-47. 


18. CuRRENT PROTECTION OF THE STATOR OF A 
Generator AGAInst Earta Favurts, I. I. Solovev, 
I. N. Popov. lektricheskie Stantsii (Moscow, 
U.S.S.R.), volume 20, June 1949, pages 17-23, 


“Wn > 
19. Improvement iN THE DirFERNTIAL PRo- 
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TECTION OF TRANSFORMERS WITH THE KR-121 
Revay, M.I. Tsarev. Elektricheskie Stantsti (Mos- 
cow, U.S.S.R.), volume 20, January 1949, pages 
41-42, 


20, DirreReNTIAL PROTECTION OF GENERATORS 
witn AUXILIARY TRANSFORMERS OF LOW SATURA- 
TION VaLur, M. I. Tsarev. Elektricheskie Stantsti 
(Moscow, U.S.S.R.), volume 20. July 1949, pages 
38-41, 


Section G. Distribution and 
Network Protection 


1, CONSIDERATIONS ON THE BEHAVIOR OF MODERN 
DISTRIBUTION NETWORKS PROTECTED BY RECLOS- 
ino Circuir-Breakers, F. Burlando. Energia 
Elettrica (Milan, Italy), volume 24, 1947, pages 
208-15, 


2. AuTOMATIC SECTIONALIZING APPLIED TO 4-KV, 
H. C. Denison. Electrical World (New York, 
N. Y.), volume 128, number 9, 1947, page 55, 


3. Master Unir Sus-STATION RELAY AND CON- 
TROL ARRANGEMENTS FOR RADIAL, DUPLEX, AND 
Nerwork Unirs, E. M. Hunter, J. W. Yetter. 
General Electric Review (Schenectady, N. Y.), 
volume 50, September 1947, pages 24-29. 


4. PROTECTION OF MEDIUM-VOLTAGE RADIAL AND 
Network DistrRiBuTION Systems, H. Petit. Bulle- 
lin, Societe Francaise des Electriciens (Paris, 
France), series 6, volume 7, 1947, pages 315-22. 


5. AN IMPROVED OVERCURRENT TRIPPING DEVICE 
For Low-Vo.ttace Crrecuir Breakers, H. L, 
Rawlins, Jerome Sandin. AJEE Transactions, 
volume 66, 1947, pages 1149-53, and Electrical 
E-ngineering, volume 66, December 1947, pages 
1194-97, 


6. Unper-Vo_tace TrippInc IN LOW-VOLTAGE 
Networks, J. E. Carlsson, ASEA Journal, 
Allmanna Svenska Elektriska AB (Vasteras, Swe- 
den), volume 21, 1948, pages 73-77, 


7. Fisvip Tests or Ow Crrcurr ReECLOSER SuB- 
STANTIATE ANALYTICAL CO-ORDINATION METHOD, 
G. G. Auer, R. A. Branflick, L. J. Woodward, W. C. 
McKinley. AJEE Transactions, volume 68, part 
II, 1949, pages 801-10, and Electrical Engineering, 
volume 68, October 1949, page 864. 


8. Prorecrive Devices ror ELectrricaL Sys- 
THeMS IN Stee_LworkKs, H. V. Benns, A. W. Tozer. 
Journal, \ron and Steel Institute (London, England) 
volume 163, November 1949, page 331. 


9. SeLective Prorecrion oF RURAL SUPPLY 
Networks, L. Bors. Elektrotechnika (Budapest, 
Hungary), volume 41, 1949, pages 322-32. 


10” OVERCURRENT INVESTIGATION ON A RURAL 
DisrrrutTion System, G. F. Lincks, D. R. Edge, 
W. C. McKinley, J. H. Leh. A/JEE Transactions, 
volume 68, part II, 1949, pages 915-29, 


11. Improvinc Low-VoLrace Mrsuep Distripu- 
TION Networks By THe Use or Direct ACTING 
Primary DirecrionaAL Revays, S. Matena. 
Elektrotechnicky Obgor (Prague, Czechoslovakia), 
volume 38, 1949, pages 607-13. 


12. Moprern Concert oF SECTIONALIZING AND 
Over-CuRRENT COORDINATION OF DISTRIBUTION 
Lines, R. F. Quinn. Proceedings, Midwest Power 
Conference (Chicago, Ill.), volume 11, 1949, pages 
238-51, 


13, SwLecerine DisrrisuTion Linge SECTIONALIZ- 
ING Devices, R. F. Quinn. Distribution (Schenec- 
tady, N. Y.), volume 11, number 1, 1949, pages 
3-5, 


14. NerworKk Revays, A. Salzmann, Llectrician 
(London, England), volume 142, 1949, number 
3691, pages 743-46, and number 3692, pages 
811-14, 


Section H. Service Restoration 


1. Exprrmnce wirn SINGLE-POLE RELAYING AND 
RECLOSING ON A Laroe 132-Kv System, J. J. 
Trainor, C. E. Parks. A/EE Transactions, volume 
66, 1947, pages 405-12, and Electrical Engineering, 
volume 66, May 1947, pages 467-70. 


2. TRANSIENT Suarr TorQUES iN TURBINE GEN- 
ERATORS PRODUCED BY TRANSMISSION LINE RE- 
cLosine, J. W. Batchelor, D, L. Whitehead, J. S. 
Williams. AJEF Transactions, volume 67, part I, 
1948, page 159-64, 

on, 
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3, EXpeRIENCE WITH HIGH-SPEED RECLOSING, | 
G. E. Dana. Electrical Engineering, volume 67,, 
October 1948, pages 942—44. 77) 


4, EXPERIENCE IN OPERATION WITH AUTOMATIC - 
RECLOSING OF BREAKERS AFTER LINE FAULTS, 

G. Jancke. Report Number 306, International 

Conference on Large High-Voltage Electric Sys- 

tems (Paris, France), 1948. 


5. Sracep Tests AND OPERATING RESULTS ON AN 
8-Kyv OverHeap Line System Usinc HicH-SPEED 
Automatic Reciosine, O. Naef, J. Wild. Report 
Number 331, International Conference on High- 
Voltage Electric Systems (Paris, France), 1948. 


6. SPRVICE RESTORATION with AUTOMATIC AIR- 
Break Swircues, K. N, Reardon. AIJEE Transac? 
tions, volume 67, part I, 1948, pages 64-72. 


7. HicH-SpeeD RECLOSING THROUGH THE YEARS, 
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Vo_ttace Networks, A. Van Gastel. Brown 
Boveri Review (Baden, Switzerland), volume 32, 
1945, pages 123-28. 
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PHase Recrosure or 220-Kyv Lines, BE. Maury. 
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S. Margoulies, E. H. Hubert. Report Number 105, 
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Electric Systems (Paris, France), 1946. 
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1945, F. J. Lane. Report Number 343, International 
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International Conference on Large High-Voltage 
Electric Systems (Paris, France), 1946. 


3. DeveLtopment or RELAY AND AUTOMATIC 
Protective Devices 1In Power Systems, I. I. 
Solovjev. Elektrichestvo (Moscow, U.S.S.R.), 
October 1946, pages 16-27. 
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Generale de I’ Electricite (Paris, France), volume 52, 
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EASUREMENTS of radio  in- 

fluence, designated as r.i. in this 
paper, have been made near the high- 
voltage line conductors at the 500-kv 
test project of the American Gas and 
Electric Company!~!718 to obtain data 
for use in the design of high-voltage lines. 
The test site includes one 3-phase line 800 
feet long and two 3-phase lines 1.36 miles 
long all on steel towers with ground wires 
on the two longer lines. To supplement 
this work tests also were made at the 
Trafford Laboratory of the Westinghouse 
Electric Corporation and on operating 
138- and 230-kv lines. It is believed that 
the data obtained as well as the instru- 
mentation and test methods used will be 
useful in predicting radio influence char- 
acteristics of lines. 

As test work progressed, it was neces- 
sary to change plans and procedures be- 
cause the radio influence was affected by 
many unforeseen weather and circuit 
variables. Even progress during the last 
three years on instruments for measuring 
radio noise required repetition of some 
tests and revisions of others. There are 
several known factors which affect r.i. 
levels from a conductor. The most im- 
portant factors from the standpoint of 
amount of change in r.i. on a conductor 
used for power transmission is the weather, 
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or the conductor environment, and the 
conductor surface conditions such as water 
on the surface caused by condensation 
or rain. Smaller changes than those at- 
tributed to water occur on conductors 
left unenergized for some time. These 
changes probably are the result of loose 
dirt particles on the conductor since the 
r.i. value decreases in a few minutes after 
the conductor is energized to a relatively 
constant value. 

As the work progressed tests disclosed 
several unexpected phenomena and addi- 
tional tests were required to confirm re- 
sults although reasons were not always 
apparent. 


General 


Corona is defined*® as a “‘luminous dis- 
charge due to ionization of the air sur- 
rounding a conductor around which exists 
a voltage gradient exceeding a certain 
critical value.” 

Corona forms in a nonuniform electric 
field in air and the voltage at which this 
takes place will not increase greatly with 
conductor spacing for conductor diam- 
eters and spacings used for high-voltage 


lines, whereas the sparking voltage, which 
is a complete breakdown between elec- 
trodes, increases rapidly with spacing. 

The threshold voltage for a-c corona 
occurs only at the peak of the negative 
half-cycle on dry conductors and as the 
voltage is increased corona begins to ap- 
pear on the positive half-cycle. At what 
voltage it Appears depends upon the sur- 
face of the conductor and this threshold 
voltage may vary over wide limits. If the 
conductor is wet, corona forms first on 
the positive half-cycle and at a much 
lower threshold voltage than on the nega- 
tive half-cycle. This wet corona will 
gradually diminish as the conductor 
dries as shown by Figure 1. Radio in- 
fluence has significant values at practical 
voltages on negative half-cycle on new 
and dry conductors and at positive half- 
cycle on wet conductors whether new or 
weathered. 


Rapio INFLUENCE GENERATION BY 
CORONA 


It has been shown’ that the corona cur- 
rent rise is very rapid and the resulting 
radio influence voltages and fields can be 
measured. When corona forms at a point 
on a transmission line conductor which is 
a circuit of pure resistance equal to the 
surge impedance, a pulse-type induction 
field is set up in the vicinity of the con- 
ductor and if a receiving system with 
tuned circuits is near the line, shock ex- 
citation of the receiver circuits occurs re- 
sulting in radio noise over a much greater 
time than the actual duration of the pulse 
field. The time duration of radio noise in 
a receiver output depends on the number 
of tuned circuits in the receiver and their 
damping coefficients. 
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conductor 


If the line is unterminated and short in 
length the field set up in the conductor 
vicinity will not be of the pulse type but 
will be a damped wave as obtained from 
any freely oscillating circuit. The result 
is to increase the averdge radio influence 
as compared to the peak value, and stand- 
ing waves will exist along the conductor. 

The conductor surface conditions and 
environment can change the r.i. magni- 
tude by many times. The effect of rain is 
to increase greatly (individual tests 
-showed increases up to 25 times) the ri. 
voltage and field. After the conductor 
becomes wet the r.i. is independent of the 
amount of rainfall. Rain is the important 
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Figure 4. Selectivity curves for radio noise meters 


weather factor, although other weather 
conditions approach it in importance. 


RESULTANT OF SEVERAL RADIO 
INFLUENCE SOURCES AND PROPAGATION 


There are many r.i. sources distrib- 
uted at random along a conductor en- 
ergized above the critical voltage. These 
sources are not in time phase because the 
regions where corona forms do not have 
exactly the same threshold voltage. The 
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ered conductors in lab- 
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disturbances are random with time and it 
was shown by laboratory test that the re- 
sultant ri. voltage from one to 15 gen- 
erators varied as the square root of the 
number of r.i. generators (see Figure 21). 
On the other hand field intensity meas- 
urements at Tidd showed only a slight 
increase in r.i. from 1,900 feet to 7,160 
feet of line. However, it was observed 
that r.i. values always were higher in the 
vicinity of a corona burst as located by 
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Figure 6. Typical voltage run at Tidd, 3-phase 

line, 2.0-inch diameter conductor. Average, 

quasi-peak, and peak values of r.i. at 1.0 mega- 
cycle 


Figure 7 (below). Attenuation of r.i. field in- 
tensity with distance from transmission line 


O=average of 28 tests-138-kv lines 

X =average of 29 tests-230-kv lines 

A =average of 42 tests-Tidd lines-280-450 kv 

@ = average of above 92 tests 

(J=calculated attenuation 

+ =typical test at 395 kv 

All tests quasi-peak r.i. 0.2-1.5 megacycles. 
All weather-—fair, rain, snow, and fog 
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ear. Therefore, a test using a single 
point artificial source of r.i. was made to 
obtain more information. It was found 
that for field intensity measurements a 
local burst will substantially raise the r.i. 
value measured from a corona generator 
as shown in Figure 2. Similar results 
have been reported by Pelissier and 
Renaudin.'4 It appears that the result- 
ant field measured near the line consists 
of two parts: (1) that caused by many 
sources adding at random and (2) that 
resulting from a local source. It is be- 
lieved that this increase noted at a local 
source is caused by a vertical current flow 
through ionized space and a local field 
superimposed on the field produced by the 
current in the horizontal conductor. 


EFFECTS ON VARIOUS COMMUNICATION 
SERVICES 


Radio interference can result from 
conductor corona unless conductor and 
line design is such as to limit the extent of 
corona. Because the r.i. level is highest 
at the lower frequencies, amplitude 
modulation (AM) broadcast, power line 
carrier, and low-frequency aircraft serv- 
ices require primary consideration. In 
the power line carrier frequency range, 
the wet weather r.1. voltage on a line con- 
ductor will be important. The AM 
broadcast band (0.54 to 1.6 megacycles) 
requires the most consideration because of 
home and automobile receivers in use in 
proximity to lines. 

Television broadcasting uses amplitude 
modulation for the picture and frequency 
modulation for the sound in the TV 
bands 54—216 megacycles. It was deter- 
mined by tests with a conventional TV 
receiver, with the antenna 50 feet above 
ground and 100 feet from the line and 45 
miles from a transmitting station on 
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channel 3, that no change in picture or 
sound quality was observed up to voltages 
above that which could be used, based 
upon other considerations. 

Tests on lines indicate that no inter- 
ference is expected from corona in the FM 
broadcast band (88 to 108 megacycles). 
The r.i. level is lower in this band than in 
the low end of the TV band, see Figures 
18 and 19. 

For estimating the effects on other 
communication services, application of 
average, quasi-peak, and peak values of 
r.i. can be made. 


Instrumentation and Measurement 


NEED FOR STANDARDIZATION 


The measurement of radio noise with 
instruments constructed according to 
radio noise meter specifications!%'!!? is 
necessary throughout a test program 
which is intended to give results appli- 
cable in the future. It is true that radio 
noise meters are far from ideal and have 
their limitations but they are neverthe- 
less infinitely better for measurement of 
noise and for engineering comparison of 
data obtained by various observers than a 
commercial radio set which was primarily 
designed for entertainment. The latest 
specifications"! for instruments require 
that meters read three characteristics of 
the noise; average, quasi-peak (weighted 
detector circuit) and the peak values after 
transmission through specified band- 
width circuits. Even with the advantage 
of these three types of measurement, the 
noise type is not entirely defined. It is 
useful to know whether pulses occur on 
positive or negative half-cycle and if so, 
where they occur, and what variation oc- 
curs in amplitude from cycle to cycle of 
the power frequency. Qualitative data 
on these can be obtained in the field with- 
out too much difficulty by using an os- 
cilloscope in the noise meter output 
circuit. 


Figure 8. Radio influence analysis from test line chart records 
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Figure 10. Radio influence analysis from 

Windsor-Canton 138-kv line chart records. 

Records obtained 100 feet from line at 1.0 
megacycle 


DIFFICULTIES OF MEASUREMENT 


A difficulty exists in obtaining a rep- 
resentative r.i. value, because r.i. is not 
always constant. Variations of greater 
than 2-to-1 are not uncommon within a 
space of a few seconds as local spots on 
the conductor are intermittently in 
corona. For effect of local r.i. generators, 
see Figure 2. As the distance from the 
line increases these local disturbances 
may become less noticeable, but even then 
values may not be repeated on different 
days although all conditions appear to be 
the same. (Precautions always are taken 
to have the meter properly calibrated.) 
Thus it is seen that a continuous graphic 
record of the noise meter output during 
an extended period of time would be more 
descriptive of changing noise level than a 
single instantaneous measurement. 

Unattended graphic recording milliam- 
meters driven by the noise meter were in- 
stalled and have proved satisfactory. It 
was found that calibration and servicing 
of meters were required on the average 
only every two weeks. 

It is, of course, necessary to protect 
the radio noise meter from the weather 
and it is preferable to do this without 
affecting the antenna input. circuit. This 
can be done successfully by placing the 


254 


ET 


Figure 9 (above). 
Section of t.i. 
chart record for 
2.0-inch diameter 
steel reinforced 
aluminum cable 
at 1.0 megacycle 
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Figure 11 (right). 
Magnification 
(10 times) of new 
and weathered 
conductors 


meter with its antenna in a nonmetallic 
enclosure. Noise meters covering the 
ranges below 25 megacycles have vertical 
rod or loop antennas which fit directly 
into a socket in the meter and they should 
be used this way whenever possible. If 
the meter is enclosed and the antenna is 
mounted outside, necessitating a lead-in, 
there will be a mismatch between an- 
tenna and the meter input so that an 
over-all calibration of field strength 
readings is required. This can be done by 
setting up a known field by means of a 
signal generator and a radiating loop or 
by the more direct method of comparing 
the recording meter reading with 
that of a properly calibrated meter 
placed alongside on the ground and 
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operating normally. 

Radio influence measurements are sub- 
ject at times to high ambient interference 
from atmospherics and, at frequencies 
above 30 megacycles, from man-made 
interference, even though the source may 
be many times farther from the antenna 
than the line from which r.i. is being 
measured. Since atmospherics are im- 
pulsive, and occur relatively infrequently, 
it is possible to obtain readings in the 
interval between atmospheric disturb- 
ances. On recording meters tuned to a 
frequency in the broadcast band care 
must be taken so that signals from distant 
stations are not picked up at night or 
during other periods when the meter is 
unattended. 


Table | 
Stoddart Stoddart Stoddart 

Ferris 32A NM-10A NM-20A NMA-5 
Applicable specs... ae ne ee ee Ref. 10 ees Ref. 11 ea Reh aah 
Freq: rangesmce/s:... cnet 0.15-0.35, 0.55-20 . 0.014-0.25 ... 0.15-25 15-400 
Antenna type? iacic cern eae ae rod ... rod and loop ...rod and loop... dipole 
Band widths san. wons-cereee ae 10 ke. ... 80-600 cycles... 4 ke. . 150-210 ke 
Quasipeak charge time, ms........ 10 : 1 en 2.5-3 ara 1 
Quasipeak discharge time, ms...... 600 600 oi 600 ae 600 
Peak measurement............... None a Slideback . Slideback ... Slideback 
ACME OU ose scars: wiska cree Conventional detector. ..600 ms. Avg... .600 ms, Avg.... 


* See Figure 27. 
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(A) DRY AT 178 KV- (B) RAIN AT 65 KV (G) 165 H-H (H) 2.0" ACSR 
WEATHERED CONDUCTOR NEW CONDUCTOR 
RI. START ON 556,500 CM.AGSR COMPARISON OF WEATHERED CONDUCTORS IN RAIN AT 177 KV. 
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(G) DRY AT 228 KV. (0) RAIN AT 166 KV (1) 2.0".ACSR (J) O.5"STRANDEO COPPER 
TIDD LINE AT 400KV. WINDSOR-CANTON 138 KV 
Ril. ON WEATHERED 556,500 CM. ACSR RADIATED RI. 40 FEET FROM 3¢ LINE-FAIR WEATHER 


Figure 12. Oscillograms showing r.i. from conductors under 


(E) DRY AT 228 KV (F) RAIN AT 166 KV. various conditions. Figures 12(A) to 12(H) inclusive from 
laboratory tests. Figures 12(I) and 12(J) from operating line 
RI.ON NEW 556,500 CM. ACSR jeer 


SPECIFICATIONS FOR RapIo NOISE AND 


FIELD INTENSITY METERS 
‘ , F COND UNDER TEST 
The available American specifications 20' LONG 


and tentative specifications are given in 
the list of references.%1112 The instru- 
ments used in tests up to the present time, 500 KV 
and some of their important characteris- lanes 
tics as to noise measurements, are given 
in Table I. 

Complete data on instruments can be 
found in the applicable specification. 

The quasi-peak values from conductor 
corona were found to be higher, as would 
be expected, with the 2.5 to 3 microsecond 
charge time than with the 10-microsecond 
charge time detector circuits. Peak 
values occurring atrandom andat very low 
repetition rates can be measured by use 
of headphones and the slideback control. 

In order to have more complete data 
on the noise meters used, bandwidth re- 
sponse curves, at the frequencies where 
most tests were made were obtained by 
measurement (see Figure 4) and effec- 
tive bandwidth curves over the frequency 
range of tests are given in Figure 27. 
The time constants and bandwidth of the 
radio noise meter, and the repetition rate 
and amplitude of the corona pulses de- 
termine what meter reading will be ob- 
tained at any one frequency setting of the 
meter. In the case of corona pulses from 
conductors of the size used for power 
transmission, the pulse amplitude varies 
from pulse to pulse at random, and the 
repetition rate can be obtained only by 
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calculation. In Appendix I a method of oO “60 "100 150 "200 250 
ae 3 , KV TO GROUND 
obtaining the equivalent microvolts for 
each meter used is described. Figure 13. Radio influence variation with voltage for conductors tested in the laboratory 
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Figure 14. Conductor diameter and phase-to-phase voltage relations from laboratory and field 
data 


APPLICATION AND USE OF INSTRUMENTS 


Although graphic recording has many 
advantages, visual readings are necessary 
in order to make calibration tests and to 
compare readings at many different loca- 
tions such as required in making lateral or 
longitudinal profiles, frequency runs, and 
voltage runs. The three values of ri., 
average, quasi-peak, and peak always 
were measured within a few seconds of 
each other. Headphones were used to 
identify noise and to avoid taking read- 
ings which were affected by spurious 
signals. When taking readings, such as 
during a voltage run, it was found useful 
to use a graphic recorder for monitoring 
the r.i. prior to starting the tests and dur- 
ing the tests. Most of the tests had to be 
repeated in the field several times in 
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order to obtain representative data. The 
principal reasons for this were changes in 
the noise level resulting from changes in 
the location of r.i. sources along the con- 
ductor and due to their variation in am- 
plitude. 


The first of the above reasons may 
seem unreal at first glance; however, 
tests such as described later proved 
that a corona discharge at some point 
will increase the r.i. field in the immediate 
vicinity without appreciably increasing 
the r.i. at points 300 to 400 feet away 
along the line. In the laboratory con- 
sistent day-to-day r.i. voltage values can 
be obtained on smooth conductors; 
whereas, on weatheied conductors day- 
to-day variations similar to field results 
will be obtained, see Figure 5. 


TEST CONDUCTOR 


Figure 15 (left). 


Figure 16 (below). 
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Test Procedure a 


VOLTAGE RUNS 


To determine the change in r.i. with 
voltage, tests were made in the vicinity of 
the test lines from 265 kv to 530 kv phase 
to phase. The noise meter was usually 
located 40 feet from the outside line con- 
ductor at a point along the line where the 
standing wave of voltage was at a maxi- 
mum value. In some instances, usually 
during single-phase conductor comparison 
tests, the noise meter was located directly 
under the line conductor. Tests were 
conducted at a minimum of five voltages 
and in some instances as high as 12 dif- 
ferent phase-to-phase voltages were 
checked. Readings were usually obtained 
at two different frequencies (0.2 and 1 
megacycle) but in some tests the radio in- 
fluence was measured from 0.015 to 380 
megacycles. A typical voltage run show- 
ing average, quasi-peak, and peak values 
is given in Figure 6. Voltage runs also 
were made in the laboratory on single 
conductors from 0.04 to 2 inch in diam- 
eter with and without rain and on 2-, 
3-, and 4-conductor bundles. 


LATERAL PROFILES 


Measurements of r.i. were made at 
different distances from the lines in order 
to obtain a measure of the attenuation 
with distance from the sources. These 
tests were conducted for several voltages 
with constant line voltage for each test. 
Readings were taken at intervals of from 
10 to 40 feet and generally were made 
from directly under the line conductor to 
a distance of 200 feet from the line. 
Some tests were made to 400 feet from 
the line, but usually in the voltage range 
below 300 kv and at frequencies above 2 
megacycles the radio influence in fair 
weather was too low to be measured be- 
yond 200 feet from the line. Data as to 


Simultaneous r.i. and radio receiver sound 
level at different voltages 


Longitudinal tests on Tidd test line with 


and without line termination 
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attenuation with lateral distance are 
given for several lines in Figure 7. The 
conductor configuration for each curve is 
shown on the curve sheet. 


LONGITUDINAL PROFILES 


Measurements were made parallel to 
the test lines and along operating trans- 
mission lines at intervals of 50 feet. The 
tests were made directly under the line 
conductor or parallel to it at 40 or 80 feet. 
On operating lines these tests indicated 
mainly the variation in r.i. along the line 
due to conductor surface irregularity, the 
conductor height, and the shielding effect 
of the line towers. On the test lines, when 
unterminated, these tests showed the 
magnitude and location of maximum and 
minimum points of the standing waves. 
From these tests it was possible to select a 
location along the line where average r.i. 
conditions existed and to avoid locations 
where unusual r.i. conditions existed due 
to conductor roughness or irregularities. 
For most voltage runs it was found that 
more representative results could be ob- 
tained by taking at least three readings 
50 feet apart as measured along the line. 


FREQUENCY RUNS 


Measurements were made with stand- 
ard instruments at different frequencies 
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Figure 17. Radio influence variation with 
voltage for test line with and without termina- 
tion, 
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Stoddart NM-20A radio noise meter 
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Figure 18. Radio influence variation with frequency at 400 kv, 3 phase on 2.0-inch diameter 


conductor. 


from 0.015 megacycle to 380 megacycles 
to determine the magnitude of r.i. with 
frequency. These tests were made with 
the meter at a fixed location, generally 40 
feet from the outside line conductor, with 
the line energized at a constant voltage. 
Over the frequency range where standing 
wave effect was appreciable, readings 
were taken at successive maximum and 
minimum values. 


SINGLE-PHASE TERMINATION TESTS 


In order to determine the r.i. field that 
would exist near a proposed long line 
from tests on a short line, it was necessary 
to terminate the short line in its own surge 
impedance to reduce the effect of standing 
waves. Termination tests were made on 
one phase of test line number 2. The 
terminating resistance value was obtained 
from measured values of the impedance 
with the conductor open circuited and 
short circuited to ground. The terminat- 
ing resistance was connected to each end 
of the line through power line carrier 
current capacitors. The two line con- 
ductors that were disconnected from 60- 
cycle source during the tests also were 
terminated to ground in their surge im- 
pedance to simulate a 3-phase termi- 
nated line. 

Voltage runs, lateral profiles, longi- 
tudinal profiles, and frequency runs were 
made with the line terminated and un- 
terminated. To eliminate the effect of 
changing weather conditions during the 
tests the measurements were made with 
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7,160-foot test line 


the line terminated and unterminated 
successively at one minute intervals. 


SIGNAL-TO-NOISE Ratio Tests 


Listening tests were made at the test 
site and in the laboratory utilizing a radio 
receiver to grade reception quality and 
using the noise meter to measure broad- 
cast signal and radio influence voltages at 
the receiver input. Listening tests were 
made with the lines energized at a voltage 
slightly higher than might be used for the 
conductor tested. The quality of recep- 
tion was graded according to the defi- 
nitions given in Figure 3, which gives 
signal-to-noise ratios for 3-phase corona. 


SINGLE-PHASE LONG-LINE AND SHORT- 
Line TEstTs 


The r.i. at any location near a trans- 
mission line is the result of radio fre- 
quency currents and voltages due to co- 
rona on a considerable length of the line 
as well as the radiation from local corona. 
To determine the effect of line length on 
r.i., tests were made on a 1,900-foot sec- 
tion of line number 2 and compared with 
tests made with the entire line (7,160 
feet) energized. In conducting these 
tests the line sections were terminated in 
their own respective surge impedance to 
reduce reflections. The tests consisted of 
taking readings every 50 feet along the 
line between line towers 1 and 2. Several 
tests were made on different days at 385 
and 440 kv, 
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Figure 19. Radio influence variation with frequency on operating lines 


GrapuHic METER OPERATION 


Two noise meters equipped for graphic 
recording have been in continuous opera- 
tion for over two years. Initially the 
meters were installed 40 feet from the 
outside conductor of each of the two lines 
at a location between towers 2 and 3 
where the standing wave of voltage was a 
maximum. Later one meter was moved 
from line 1 to a location 40 feet from line 2 
where the standing wave of voltage was a 
minimum, These meters were operated 
continuously and during visual tests af- 


forded a continuous check on the con- 
stancy of r.i. 


EFFECT OF WEATHER CHANGES DURING 
Trsts—GRAPHIC RECORDS 


Graphic instruments were in continu- 
ous operation for the purpose of recording 
weather data. These instruments re- 
corded rainfall, humidity, barometric 
pressure, and temperature. In addition 
to the graphic meters, a photographic 
weather recorder which provided a meas- 
ure of visibility, fog, and rain was in 


i See 


1/6 FERRIS 32-A 


cast a aa Ree 


aa oo 


operation. The photographic recorder 
operated at 20-minute intervals. These 
recorded data were supplemented by the 
observations of personnel at the test site. 
From the weather data and the graphic 
records of r.i. the effect of weather on r.i. 
was obtained. 


EFFECT OF ATMOSPHERIC DISTURBANCES 


Radio influence due to atmospheric 
disturbances is ustially of the impulse type 
and irregularly repetitive. The effect of 
these disturbances can usually be elimi- 
nated from the visual readings by 
reading r.i. between bursts of atmos- 
pheric disturbance. On the graphic rec- 
ords this disturbance appears as a sudden 
change in r.i. and can be discounted in the 
analysis of the chart data. During visual 
tests the ambient noise level was deter- 
mined at frequent intervals by taking 
readings with the test lines de-energized. 


SINGLE-PHASE AND 3-PHASE R.I. 


Several types of conductors were in- 
stalled in the 800-foot test line and the r.i. 
characteristics of these conductors were 
measured single phase. In order to con- 
vert these data to values that would be 
obtained from 3-phase tests, a number of 
comparative single-phase and 3-phase 
tests were made on line number 2. These 
tests were made at various distances from 
the line conductors, from directly under 
the line conductor to 150 feet from the 
conductor, and from 0.2 megacycle to 20 
megacycles, and at voltages from 280 kv 
to 500 kv. 


VISUAL DATA FROM OPERATING LINES 


For reference purposes and to deter- 
mine what value of r.i. would be gen- 
erally tolerable, tests were made along a 
number of operating transmission lines. 
Tests were made on 138-kv lines and 230- 
kv lines at seven locations. The tests 
consisted of longitudinal and lateral pro- 
files and frequency runs. 
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LABORATORY TEST CIRGUIT 


Figure 21 (left). 
Radio influence re- 
sulting from various 
numbers of corona 
generators 


MICROVOLTS-QUASI—PEAK AT 1-0.MC. 


n (NUMBER OF R.I. GENERATORS IN PARALLEL) 


GRAPHIC RECORDER DATA ON OPERATING 
LINES 


At one of the 138-kv lines where the 
highest value of r.i. was measured a noise 
meter was installed at midspan 40 feet 
away from the line conductors. Records 
of r.i. were obtained during fair weather, 
rain, fog, and snow. Temperature, 
humidity, pressure, and rain in the 
vicinity of this meter were measured 
hourly. 


Discussion of Test Results 


EFFECTS OF WEATHER 


Fair weather is considered to be any 
weather other than fog, rain, sleet, or 
snow environment around conductors and 
with conductor surfaces free of water, ice, 
or snow but includes the condition of dirt 
particles in the air or on the conductor, 
It was determined that r.i. at any test 
location will change even in fair weather 
from time to time, see Figures 8 and 10. 
This is believed to result from the r.i. 
contribution from local sources, and the 
change in location of these local sources 
which is equivalent to a change in distance 
to receiver antenna. The conductor en- 
vironment preceding fair weather prob- 
ably determines subsequent fair weather 
ri. at any one point. A conductor when 
wet will show better r.i. consistency than 


db LOSS PER MILE OF LINE 


Figure 22. Effect of line length and attenu- 
ation on r.i. (See Appendix Il) 
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Figure 23 (right). 

Radio influence tests 

‘on long and short 
lines 


when dry because the corona is more 
stable and there are more r.i. sources in 
the antenna vicinity all the time it rains. 
The local sources do not, therefore, show 
as pronounced an effect. 

Rain will increase r.i. by several times 
for conductors of the size used for power 
transmission. Tests were made in fair 
weather and in rain on the same day or on 
consecutive days. These tests showed r.i. 
increases due to rain from four to 25 times 
for quasi-peak and peak values and three 
to six times for average values. Visual 
data and analysis of graphic records with 
results as shown in Figure 8 gave average 
increase of quasi-peak values of four times 
for Tidd conductors and an increase of 
four times for 138-kv lines in service, see 
Figure 10. Radio influence does not de- 
crease immediately as rain ceases, rather 
it has no perceptible change immediately, 
but after a short time, depending on the 
voltage, begins to decrease gradually at a 
rate also depending on the voltage. 

Fog may or may not produce a large 
increase in the r.i. value over the fair 
weather value. An increase will be ob- 
tained if sufficient condensation occurs to 
wet the conductor. Snow on the con- 
ductor increases r.i. but to a lesser extent 
than water. In one test with snow melt- 
ing on the conductor, r.i. was 3.5 times 
greater than before the snow began to 
melt. 

If the r.i. value for rain is established, 
it may be|used as indicating the maxi- 
mum which will exist, excluding condi- 
tions such as hoar frost and ice for which 
no data was obtained. 


WEATHERED CONDUCTORS 


The conductor surface changes greatly 
in appearance when used outdoors while 
energized as can be seen by comparing 
new and used conductors, see Figure 11. 
The rough surface on used conductors 
contains no conductor material but rather 
deposits gathered from the atmosphere. 
Weathering can reduce r.i. at the higher 
voltages when the conductor is dry. 
However, the threshold voltage may be 
lower than for a new conductor and the 
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test values from day to day are not as 
consistent as for a new conductor. In 
fact, the smoother and cleaner a conduc- 
tor is the more consistent the test results. 

With rain there is no significant dif- 
ference between weathered and new con- 
ductors. It can be stated, therefore, that 
weathering of conductors will not result 
in any material increase in r.i. and can re- 
sult in some reduction. What the amount 
of reduction can be depends on the con- 
dition of the conductor surface after in- 
stallation. Fair weather visual data on 
Tidd conductors from December 1947 to 
September 1950 indicated large r.i. varia- 
tions (7 to 1) on both HH and steel-rein- 
forced aluminum cables at 373 kv with no 
significant trend. No data are available 
from October 1947, when line was first 
energized, to December 1947. 
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Figure 24. Radio influence variation with 

voltage, with and without artificial generator on 

2.0-inch diameter conductors, measured 40 
feet from the line 
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20A radio noise meter 


EFFECT OF CONDUCTOR VOLTAGE 


As the voltage on a conductor is in- 
creased, the r.i. threshold voltage can be 
detected readily on new and dry con- 
ductors in the laboratory by radio noise 
meter headphones. On dry weathered 
conductors and on all conductors in rain 
the threshold voltage is not as clearly de- 
fined by listening. Radio influence oc- 
curs first on the negative half-cycle on 
new dry conductors and for usual operat- 
ing voltages exists only on the negative 
half-cycle. With weathered conductors 
at usual operating voltages, r.i. exists on 
both half-cycles as can be seen by labora- 
tory oscillogram Figure 12(C). For wet 
conductors r.i. is generated chiefly on the 
positive half-cycle for both the smooth 
and weathered conductors as can be seen 
from oscillograms Figure 12 obtained in 


It can be seen that the test points fall well 
on the curve for equation 1 if the surface 
factor m of 0.846 for new stranded con- 
ductors is used. For smooth conductors 
the test points fall on a similar curve using 
surface factor m=1. The threshold 
curve with rain or wet stranded conduc- 
tors, curve 1 of Figure 14, occurs at 28 
per cent of the voltage for the same diam- 
eter dry conductor. This indicates that 
for rain on conductor the r.i. starting 
voltage can be obtained by using for the 
surface factor a value of 0.24 for con- 
ductors down to 0.25 inch in diameter. 

A test was made in a laboratory to de- 
termine if the sound output level from a 
radio receiver speaker increased with 
conductor voltage in a manner similar to 
increase in r.i. with conductor voltage. 
The data obtained is plotted in Figure 15 
for 0.04-inch diameter bare copper wire 
and for a 0.7-inch diameter copper I- 
beam conductor. Figure 15 indicates 
good correlation between r.i. as measured 
with a radio noise meter and the sound 
level measured in decibels from a radio 
receiver loudspeaker. 


both negative and positive half-cycles, 
whereas a new dry conductor at the same 
voltage shows no evidence of r.i. on the 
positive half-cycle. Similar pictures 
were obtained at Tidd on single phase. 
Oscillograms of 3-phase tests of r.i. at 
Tidd, 40 feet from a 2-inch steel-rein- 
forced aluminum cable, are shown by 
Figure 12(1), and 40 feet from an existing 
138-kv double-circuit line are shown by 
Figure 12(J). 

With increase in conductor voltage be- 
yond the threshold voltage, r.i. increases 
rapidly as shown by the Tidd curves of 
Figure 6 and laboratory curves Figure 13. 
It will be noted that the rate of increase of 
r.i, differs for smooth and weathered dry 
conductors, Figure 13; whereas in rain it 
is about the same for both. The average, 
quasi-peak, and peak values of r.i. in- 
crease with voltage at approximately the 
saine rate as shown by Figure 6. 

From the data obtained in the labora- 
tory for the threshold voltage, the points 
near the calculated curves 8 and 9 of 
Figure 14 were obtained. The calculated 
threshold curve for stranded conductors 


is based on the relation: 
EFFECT OF CONDUCTOR DIAMETER ON 


0.3 s) ReG 
V, =21.1| 1+—= ]mor log, — 
Vor r The effect of conductor diameter, as 
Kv to ground (1) far as the starting voltage is concerned, 
is as given in equation 1 and is substan- 
where 


tiated by the laboratory test data, see 
Figure 14. The voltage for a constant 
r.i. value for smooth dry conductors can 
be obtained by adjustment of the gradient 
constant in equation 1. Similar relations 


21.1=critical gradient for air in rms kilo- 
volts per centimeter 

o =air density factor 

r =radius of conductor, centimeters 

S=spacing in centimeters (in this case S=2h 
where fh is height of conductor above 
ground plane used for laboratory 
tests) 

m=surface factor 


Figure 26. Radio influence threshold voltages 
for bundles of smooth conductors from labora- 
tory tests 
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of kilovolts to diameter apply with rain. 
It is of course necessary to use for rain a 
surface factor of 0.24 in conjunction with 
adjustment of the gradient constant. 
The constants for rain will give results 
agreeing within 10 per cent of test values, 
for conductor diameters between 0.25 
inch and 1.65 inches. For instance, very 
fine wires such as 0.040-inch diameter 
will have values with rain less than when 
dry and the effect of water on conductors 
above 1.65 inch decreases at least up to 
2-inch diameter. (No larger diameters 
were tested.) These effects appear 
reasonable since for small wires the effect 
of the water may be to tend to increase 
the effective conductor diameter, and for 
large conductors the water drops are 
better shielded, relatively, assuming water 
drop size independent of conductor size 
for the larger diameter conductors. 

From the laboratory data on various 
conductors and the measured value of 
coupling factor (ratio of voltage V on one 
conductor to field & at 100 feet) referred 
to 100 feet from the line and by applying 
the single-phase to 3-phase correction, the 
relation for 32-foot spacing for line num- 
ber 2 is 


V—=132 § (2) 


For instance, for 15 microvolts per meter 
at 100 feet from the outer conductor as 
measured with the Ferris 32-A instru- 
ment, 


V=15X132 =1,980 (approximately 2,000 
microvolts) 


By the use of laboratory threshold and 
2,000-microvolt values and Tidd and ex- 
isting line data, curves of conductor 
diameter to kilovolt phase-to-phase for 32 
foot spacing were obtained and are shown 
in Figure 14. It can be seen that the r.i. 
threshold test points agree quite well with 
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Figure 28. Comparison of 

ri. at 1.0 megacycle and 

corona loss on 1.65-inch 
diameter conductor 
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the calculated values. The laboratory 
threshold curve number 1 with rain was 
drawn from the test values. The fair 
weather curve for Tidd conductors, curve 
number 4, for field intensity of 15 micro- 
volts per meter at 100 feet is for stranded 
conductors. For HH copper conductors 
the corresponding curve number 6 is 
slightly to the right; however, for rain 
the stranded and HH conductor data 
fall on the same curve, number 3. A 
curve, number 15, for 150 microvolts per 
meter at 100 feet is shown in order to in- 
dicate what increase in voltages would be 
obtained if the field intensity were in- 
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creased ten times. 
data on new stranded dry, and weathered 
stranded dry, conductors for the 2,000- 
microvolt level are given in curves num- 


Limited laboratory 


bers 10 and 11. These curves indicate 
that the r.i. level is lower for weathered 
than for new dry conductors. Some of the 
data obtained on existing 138-ky and 
230-kv lines are shown on curves numbers 
5 and 16. The points for these lines were 
obtained from field measurements ex- 
trapolated to 15 microvolts per meter 
according to the r.i. to voltage curves at 
Tidd. The operating line data fall 
fairly well on a curve extended from the 
Tidd curve number 4. 


EFFECT OF LATERAL DISTANCE 


As the distance from the line increases, 
the r.i. field intensity decreases rapidly as 
shown by Figure 7, which indicates the 
average values on several lines as well as 
the Tidd line, and a dashed curve cal- 


culated from the relation 


100 
Sf D\3 
1+(7) 
where P is percentage at lateral distance 
D from a point directly under the outside 
phase conductor, and H is the conductor 
height at Tidd at midspan. The values 
at 160 and 200 feet obtained from 138- 


and 230-kv line tests are believed to in- 
clude ambient noise (noise other than that 
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from line) which could not be measured 
independently on these operating lines. A 
typical lateral run at Tidd including read- 
ings under each phase wire and between 
phase wires also is shown in Figure 7. 


Rapio INFLUENCE ON TEST LINE WITH 
AND WITHOUT TERMINATION 


Since the longest test lines are only 
7,160 feet in length, the r.i. measured at 
the lower frequencies and with the lines 
unterminated depends on the point along 
the line where measurement is made. 
This effect is shown by the dashed curve 
of Figure 16. All the line conductors were 
terminated with a resistance which was 
equal to the surge impedance phase to 
ground. For the energized conductor, the 
resistance was connected in series with a 
0.0006 microfarad coupling capacitor and 
sufficient inductance to cancel the capaci- 
tive reactance. For this condition, the 
solid line curve of Figure 16 was obtained. 
The standing wave ratio at one mega- 
cycle was changed by the termination of 
this type of line from 4.3 to 1.58. (These 
values are average of all waves shown in 
Figure 16). Measurements also were 
made at several voltages at a standing 
wave maximum by terminating and un- 
terminating line conductors at one minute 
intervals so as to eliminate effects of 
weather or other effects which might 
change the r.i. level. From these data it 
was determined that the unterminated 
maximum measurement should be divided 
by 2.5 for 1 megacycle and by 4.5 for 0.2 
megacycle to obtain a value more nearly 
representative of an operating line. Volt- 
age runs with and without termination of 
the 3-phase conductors and with unen- 
ergized phases grounded also were made. 
The data at 1.0 megacycle are shown by 
curves of Figure 17. These results in- 
dicate that the r.i. field intensity in the 
vicinity of a short test line should be cor- 
rected for frequencies at which appreci- 
able reflections exist. 


Rapio INFLUENCE VARIATION WITH 
FREQUENCY 


The value of r.i. field intensity over the 
portion of the frequency spectrum of sig- 
nificance, as far as high-voltage line con- 
ductors are concerned, was obtained on 
successive days and constant weather 
conditions on the Tidd test line (Figure 
18), and on operating 138-kv lines. Fig- 
ure 19 is for 138-kv lines in service with 
spacings as shown and for other lines as 
indicated. The effect on ri. of an un- 
terminated line can be seen over a 
large portion of the spectrum for the Tidd 
tests, where the frequency spacing be- 
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tween maximum values is essentially 
equal to twice 33 kc, where 33 kc is the 
frequency for a quarter-wave on the line. 
The data indicate that r.i. decreases quite 
rapidly as the frequency increases, and 
for line operating voltages at which re- 
ception in the broadcast band would be 
satisfactory, conductor r.i. may be ig- 
nored above 50 megacycles even for wide- 
band communication such as television. 
Figure 27 shows Stoddart to Ferris cor- 
rection factors and bandwidths of all 
meters used over the frequency range of 
tests. Figure 20 shows a curve for exist- 
ing 138-kv line in terms of “equivalent” 
microvolts per meter and correction 
factors required to compensate for the 
varying bandwidths and time constants 
of the meters, see Appendix I. The 
method used for correction of readings is 
only approximate and is merely intended 
to indicate what factors affect meter 
readings. 


Rapio INFLUENCE VARIATION WITH LINE 
LENGTH 


There were no test data available on 
the effect of line length on the r.i. field in- 
tensity. It was observed that corona was 
distributed along the test conductors and 
the problem therefore arose as to the 
effect of line length. It was determined in 
the laboratory that the r.i. voltage in- 
creased as the root sum square of the 
number of sources. Figure 21 shows re- 
sults obtained by adding small wire 
hooks, each individual hook having ap- 
proximately the same r.i. voltage, to a 
smooth brass conductor. From these data 
it appeared that a longer line than the 
Tidd test line might have a higher r.i. 
field especially at the lower frequencies 
since the correction for attenuation of far 
away sources would not be too large. 
Calculation (see Appendix I1) indicated 
that if the loss were 1 decibel per mile, 
a 1-mile test line would give r.i. values of 
62 per cent of an infinite line, Figure 22. 
This amount of reduction in r.i. at a rela- 
tively high attenuation value necessitated 
tests at Tidd to determine the effect of 
line length. The tests were made by ter- 
minating 1,900 feet of 2-inch diameter 
single-phase steel-reinforced ‘aluminum 
cable and taking 20 readings along the 
line at intervals of 50 feet, and then add- 
ing the remainder of line for a total of 
7,160 feet and repeating the previous test 
procedure. This procedure was repeated 
three times with results as depicted in 
Figure 23. The curves of Figure 23 in- 
dicate that the effect of line length de- 
pends on the line voltage. At 373-kv 
phase-to-phase the long line r.i. averaged 
only 4 per cent higher than for the short 


line, whereas at 425 kv the long line had 
27 per cent higher average value. These 
tests along the line show appreciable 
variations due to local r.i. sources which 
could be detected aurally as tests were 
made. In order to find out what the 
relative contributions of local and dis- 
tant sources might be, a test was made 
at Tidd using an artificial ri. genera- 
tor consisting of a 1-inch diameter braSs 
sphere four inches from the line con- 
ductor and connected to it. In this 
way a definite local source was produced 
near the conductor surface. The field 
intensity was measured in the vicinity of 
this local source and at a point 1,000 feet 
away. As can be seen by the curves of 
Figure 2, the r.i. field near this local 
source was considerably greater than at 
1,000 feet or even at 100 feet. It appears 
that because of the large contribution 
from a local r.i. source the effect of in- 
creasing the line length is not appreciable 
except at voltages considerably above 
what would be used for a given conductor 
diameter. This increase with line length 
at higher voltages is probably due to the 
increase in the number of sources along 
the conductor and their r.i. magnitudes, 
which by the root sum square addition 
add to the local source sufficiently to be 
measurable. 

The field pattern obtained around the 
local generator indicates that a vertical 
ri. current component through the 
ionized air space exists from conductor to 
ground and the resultant field is therefore 
dependent on this current as well as the 
horizontal current component in the line 
conductor. 

A voltage run was made on line number 
2 with and without the artificial r.i. 
generator and curves for this test are 
shown in Figure 24. It will be noted that 
the r.i. field at the test point was 3.5 
times greater at 286 kv with this local 
source, and that at 530 kv the increase 
was only 1.15 times. This effect of volt- 
age also was indicated by the data shown 
in Figure 23. The large effect of local 
sources especially at normal voltages 
means that if r.i. exists at a receiver loca- 
tion and if it decreases appreciably within 
100 or 200 feet along the line it may be 
that the source on the conductor can be 
found and removed without too much 
difficulty. It is preferable, however, to 
inspect and clean the conductor surface 
during construction just before it is drawn 
into place, to reduce the possibility of 
having these high intensity local sources. 


SINGLE-PHASE AND 3-PHASE TESTS 


Single-phase and 3-phase voltage runs 
were made on the same day to obtain the 
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correlation between r.i. for these two 
conditions. This was necessary because 
of the number of single-phase comparison 
tests made at Tidd. Typical fair weather 
voltage runs single-phase and 3-phase are 
shown in Figure 25. At a voltage which 
might be used for the conductor tested 
the 3-phase to single-phase ratios are: 
3.5 for average meter reading, 2.4 for 
quasi-peak, and 2.3 for peak. 


Correlation of Tidd and Laboratory 
Data 


From Figure 14 we can see that labora- 
tory data taken on dry conductors will 
indicate a conductor for r.i. which would 
be only one-third the diameter required. 
Tn fact, the dry threshold voltage in the 
laboratory is higher than the voltage at 
which considerable r.i. occurs on the Tidd 
line. For rain conditions, however, the 
laboratory data correlates quite well with 
field results. The results from laboratory 
and Tidd data for dry conditions, indi- 
cate the large effects of variations in the 
surface of weathered conductors. It was 
determined by oscilloscope studies, see 
Figure 12, that corona can exist on the 
positive half-cycle on dry weathered 
conductors, whereas on new conductors 
no corona appears on the positive half- 
cycle. It also was determined that during 
tain, r.i. appears mostly on the positive 
half-cycle. These results show that a dry 
weathered conductor is similar in some 
respects in r.i. characteristics to a con- 
ductor in rain or with water drops ad- 
hering to the surface. In the laboratory 
the test conductor was only 20 feet in 
length and one sample may not neces- 
sarily correlate with field data where 
much longer lengths of weathered con- 
ductors were tested. It was found on the 
test line that there were variations in fair 
weather data as shown by Figures 8 and 
10. If many samples of weathered con- 
ductors had been tested in the laboratory 
similar variations and better correlation 
with field data might also have been ob- 
tained. In any case it appears that a test 
in the laboratory on a smooth dry con- 
ductor is necessary to establish that the 
test setup used will follow equation 1. 
Then tests on any conductor, dry and with 
rain, will establish its r.i. relationship to a 
smooth conductor or any conductor for 
which field and laboratory data are avail- 
able. 


OPERATING LINE DaTA 


It was determined that the r.i. level of 
lines of the 138-kv and 230-kv class have 
values quite consistent with other data 
presented in Figure 14. Experience also 
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indicates that these lines are not the cause 
of radio noise complaints for AM or TV 
services and frequency runs made on 
these lines show that r.1. falls off rapidly 
with frequency, see Figure 19. Chart 
data from operating lines plotted as 
shown in Figure 10 are similar to those 
obtained at Tidd. The difference be- 
tween fair weather and rain is well estab- 
lished for this type of line and checks with 
data of Figures 8 and 9, It is indicated 
by the field data that the r.i. effects for 
138-kv double-circuit and single-circuit 
lines at distances 40 feet or more away 
from the line are about the same. It 
might be expected that the r.i. from a 2- 
circuit line would be equal to a single- 
circuit line times V2 if all conductors had 
the same r.i. However, because of the 
shielding effects of other conductors the 
over-all effect is about the same as for a 
single-circuit line. Close to the line 
values may be higher in some cases than 
under the line depending evidently on the 
relative magnitude of r.i. of each con- 
ductor at the point of measurement. 
Vertical 3-conductor configuration gave 
results about the same as for three con- 
ductors in horizontal configuration. 


BUNDLE CONDUCTORS 


Some tests were made at Tidd and in 
the laboratory on bundle conductors. 
Radio influence threshold and other 
values for bundles are given in Figure 14, 
curves 12, 13, 14, 17, 19, and 20. In the 
case of 2-, 3-, and 4-conductor bundles 
tested (see Figure 26) the r.i. threshold 
for 2-conductor bundle was within 5 per 
cent of the calculated value at the opti- 
mum spacing S/d=10 and less than this 
at greater spacings. The small amount of 
data obtained at Tidd on a 2-conductor 
bundle consisting of 0.92-inch diameter 
stranded copper conductors 20 inches 
apart was used to obtain the 15-micro- 
volts-per-meter level at 100 feet from the 
line shown in curve number 7, Figure 14. 
From these data we see that the bundle 
conductor tested is equivalent in r.i. in 
fair weathet to a single 1.53-inch diameter 
steel-reinforced aluminum conductor and 
to a 1.38-inch diameter HH conductor. 
From laboratory rain tests it is indicated 
that this 2-conductor bundle is equivalent 
to a 2.0-inch diameter steel-reinforced 
aluminum single conductor. 


CORRELATION OF RADIO INFLUENCE AND 
Corona Loss 


Three-phase fair weather corona loss 
and r.i. were measured simultaneously at 
Tidd and the results of these measure- 
ments are plotted in Figure 28. It will be 
noted that corona loss increases more 
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rapidly with voltage than r.i.; however, 
ri. is measurable and has significant 
values at the lower voltages where corona 
loss would be considered negligible. 


PRESENT RADIO INFLUENCE SITUATION 
ON OPERATING LINES 


The above presentation includes, prin- 
cipally, test procedures and test data. It 
also is necessary to evaluate the results in 
terms of the effect of r.i. on communica- 
tion services. 

The transmission lines of the American 
Gas and Electric Company system in the 
general voltage range of 69 kv to 138 kv 
have caused very little interference to 
radio reception under all weather condi- 
tions. The few cases of complaints that 
were definitely traced to the transmission 
system were found to be caused by de- 
fective insulators, and in some cases, de- 
fective line hardware, and replacement 
eliminated the interference. 

With the increase in areas served by 
television broadcasting, complaints from 
television owners are increasing. These 
complaints are all investigated and al- 
most without exception the cause of inter- 
ference is traced to causes other than 
radio influence from transmission lines. 

With the record of many years ex- 
perience in the industry with existing 
transmission lines in the general voltage 
range of 69 kv to 230 kv and the relative 
freedom from radio interference in the 
vicinity of these lines, it is believed that 
the magnitude of radio influence gen- 
erated by these lines is not sufficient to 
cause interference to AM radio or televi- 
sion, and that the existing r.i. levels can 
be considered as conservatively low for 
the design of new lines, see curve number 
5, Figure 14. 


TOLERABLE RADIO INFLUENCE LEVEL FOR 
SUPER-HIGH- VOLTAGE LINES 


The effect of r.i. from high-voltage lines 
on communication services depends on 
factors such as: 

1. Characteristics of r.i. due to corona. 


2. Effect of this type of r.i. on communica- 
tion services. 


3. Communication signal intensities along 
line. 


4. Signal-to-noise ratios tolerable to types 
of communication services which may be 
affected. 


5. Distance of receivers from line. 


6. Number of receivers per-unit length of 
line. 


7. Transfer of r.i. to lower voltage circuits. 


8. Effects of weather. 


This paper will not attempt to make 
any evaluation of a tolerable limit based 
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on the foregoing factors. However, a 
reasonable approach can be made by the 
application of data presented in this paper 
and field experience with radio inter- 
ference. 

From Figure 14 we can see that curve 4 
(Tidd tests) and curve 5, tests on operat- 
ing 138- and 230-kv lines, fall very nearly 
along the same curve. This indicates that 
a proposed line using conductors based on 
curve 4 would be expected to have an r.1. 
level approximately the same as on the 
operating line, curve 5, and very little, if 
any, interference would be expected from 
conductors in the radio spectrum from 
0.015 to 400 megacycles. Although no 
measurements were made above 400 
megacycles, the frequency curves at 400 
kv indicate that above 400 megacycles, 
conductor r.i. would be negligible. 

The data of Figure 14 are believed to be 
conservative in predicting the r.i. effects 
for super-high-voltage lines. The prin- 
cipal reasons for this are: 


1. Lines travel across country instead of 
paralleling roads and low-voltage distribu- 
tion and other lines. 


2. Fewer homes will be near these high- 
voltage lines. 


3. The antenna coupling to lines is lower 
than for low-voltage lines because of greater 
conductor height and because of greater 
distances, on the average, from line to re- 
ceiver antenna. 


Conclusions 


1. Instrumentation as used is satis- 
factory, and for the tests described gave 
very little trouble. Instruments for re- 
cording operated most of the time for 
periods of two weeks without any atten- 
tion. 

2. Tests on lines should include chart 
recording of r.i. and weather data as well 
as spot checks. 

3. New conductors when dry have r.i. 
only during the negative half-cycle at 
practical operating voltages. 

4. Weathered copper or aluminum 
conductors when dry have r.i. during 
both positive and negative half-cycles. 

5. New or weathered conductors, in 
rain or when wet, have r.i. mostly in the 
positive half-cycle. 

6. The r.i. threshold voltage for dry 
single or bundle conductors, as measured 
at 600-foot altitude checks the calculated 
corona threshold voltage. The correction 
(for air density factor) as used in equa- 
tion 1 may or may not be accurate for r.i. 
threshold for lines at high altitudes. 

7. The threshold voltage with rain on 
smooth or stranded conductors occurs at 
24 per cent of the threshold voltage for a 
dry smooth conductor. 
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8. Under rain or wet conditions r.1. 
will increase, except for fine wires, by 
several times. 

9. Under rain or wet conditions 
smooth and stranded conductors of the 
same diameter have the same r.i. 

10. A wet conductor, either with a fine 
droplet surface or with larger water drops 
will have the same r.i. as when it is rain- 
ing. The higher the voltage on the con- 
ductor, the more rapidly will r.i. decrease 
as it dries. 

11. The relation between conductor 
diameter and voltage for radio frequency 
field intensities above the threshold 
values is of the same form as the threshold 
relation. 

12. Radio influence as measured at 
any one location changes even in fair 
weather by several times. This is be- 
lieved to be mainly due to the shifting 
along the conductor of the corona bursts. 

13. Radio influence characteristics of 
line conductors under service conditions 
can now be predicted from laboratory 
tests. 

14. It is believed that the r.i. charac- 
teristics of a conductor to be used on an 
operating line can be determined from 
the data presented here. These data to- 
gether with field experience in the region 
proposed for a transmission line may be 
used as a basis for selecting the conductor. 

15. The effects of changes in relative 
humidity, temperature, and pressure as 
encountered at Tidd are not significant. 

16. The change from 45-foot to 32- 
foot conductor spacing at Tidd was to 
increase the r.i. by 14 per cent. This 
corresponds to an increase in voltage of 2 
per cent whereas the calculated increase 
is 5 per cent. 

17. Laboratory tests showed a bundle 
of two 0.92-inch diameter stranded cop- 
per conductors having the same r.i. as a 
1.4-inch diameter steel reinforced alu- 
minum conductor under dry conditions, 
and the same r.i. as a 2-inch diameter 
steel reinforced aluminum conductor 
when wet. 

18. Radio influence variation along a 
transmission line at 100 feet from the 
outside conductor is not significant for 
line design. 

19. Smooth, weathered conductors 
when dry have the same r.i. at 10 per cent 
higher voltage as stranded conductors of 
the same diameter. They have the same 
r.i, under wet conditions. 

20. No appreciable difference in r.i. 
was observed between horizontal and ver- 
tical line conductor configuration or be- 
tween single- and double-circuit lines. 

21. At ground level, the r.i. field in- 
tensity readings were not affected by 
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grounding or isolating the static wives. 

22. Radio influence decreases in- 
versely with frequency over the range of 
0.015 to 400 megacycles covered by 
tests. 

23. Although corona and r.i. start at 
the same voltage, corona loss, after it 
reaches a significant value, increases 
much more rapidly than ri. with in- 
crease of voltage. Radio influence has 
significant values at the lower voltages 
where corona loss is negligible. 


Appendix |. Procedure for 
Converting Noise Meter Readings 
to Equivalent Values 


It has been shown" that the effect of a 
square wave on a radio noise meter is to 
produce an output voltage as shown by the 
following equation: 


ak aE (BNTa) 

v= f71) a (3) 
fo fo (BT;+NTa) 

where 


u=indicated microvolts 

a=constant depending on input waveshape 

E=peak value of a-c component of input 
pulse in microvolts 

fo=measurement frequency 

B=bandwidth of radio noise meter 

N=number of steep wave fronts or pulses 
per second 

T,-=charging time, seconds, of detector 
weighting circuits 

Ta=discharging time, seconds, of detector 
weighting circuits 


The “equivalent value’ of any noise 
measurement at fo is then 


aoe (4) 


This equivalent value is independent of the 
characteristics of the noise meter used, so 
that a plot of equivalent values over a fre- 
quency range involving several noise meters 
should show no discontinuities. 

For conversion of readings on one meter 
(1) to a value equal to that read on another 
meter (2) 


re (8) 


1 


The value of N, pulses per second, de- 
pends upon the type of noise being meas- 
ured, and for 3-phase line conductor corona 
has been found to be about 20. With 
corona bursts occurring only on the negative 
half-cycle of 60 cycles, the noise meter 
should receive at least 60 steep wave fronts 
per second, but because of the erratic nature 
of the corona bursts and the varying ampli- 
tudes of the pulses, the average value of V 
appears to the meters to be somewhat less. 

Other constants used in the conversion 
equation are measurable constants of the 
individual meters. For this paper the pub- 
lished time constants were used for calcula- 
tions at all frequencies. Values of effective 
bandwidth for all meters throughout their 
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ranges were derived from frequency re- 
sponse curves or checked at half power 
points. 

The correction factors for converting 
Stoddart meter readings to Ferris meter 
readings are plotted in Figure 27 along with 
the bandwidths for all the instruments ex- 
cept for the 15- to 400-megacycle meter for 
which the bandwidth is 150 ke from 15 to 
125 megacycles, and 210 ke from 125 to 400 
megavtycles. 

The equivalent microvolt-per-meter read- 
ings as defined by equation 4 are plotted in 
Figure 20. This curve shows that meter re- 
sponse to coronia-type f.i. varies approxi- 
mately inversely as the frequency. 


Appendix Il. The Effect of Line 
Length 


Ther.i. field at a point near a transmission 
line with corona on the conductor depends 
on the resultant current of all the r.i. gener- 
ators along the line. If it is assumed that 
the measurement point is at X=0, and 
that all the generators produce the same 
currents near their source, the effect of any 
generator 7 is to give a current equal to 
Ine~™1, where X, is some relatively short 
distance along the line. If we add all con- 
tributions from both directions from X =O, 
as the sum of the squared values, the result- 
ant current is 


QMp2(1 fe 2714 € 40714 — 6er1) (6) 


The radiated field we know to be propor- 
tional to the square root of this current and 
the resultant field is 


& = bo V A(1+e tie sari 4 < sari) 
(7) 


Asan example let us take X;=1 mile and the 
loss per mile as 4.343 decibels. Then a=0.5 
and aX,=0.5. 

Substituting in equation 7 for a long line, 


Sp =o WV We be 2 He)... (8) 


=1.76 & very nearly for a long Tine. 


For one mile of line each way: 


& = & V 2(1+e-!) = 1.658 (9) 


Hence a 2-mile test line should give 94 per 
cent of the r.i. value for a long line. Curve 
in Figure 22 shows how the ratio of r.i. for a 
2-mile line to r.i. for a long line varies with 
the decibel loss per mile of line. 
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Discussion 


C. W. Frick (General Electric Company, 
Schenectady, N. Y.): In a project such as 
the development of systems for power trans- 
mission at higher voltages, effort is apt to be 
concentrated on problems of equipment 
design and operating practice, and little 
attention given to related problems such as 
radio influence. On the other hand, the de- 
velopment stage is just the time when work 
on such problems can be done most effec- 
tively. The authors of this paper are to be 
commended for devoting time and effort to 
the study of radio influence during the de- 
velopment of the Tidd Project and coming 
forward with some practical answers at this 
time. This contribution and others that 
have been made in technical papers from 
time to time show that the electric power 
industry in America recognizes that there is 
a problem of radio influence and is trying to 
do something about it. 

- Subjects are included in the paper which 
are of broader interest than high-voltage 
transmission. The authors are among the 
first to report on the use of instruments with 
characteristics such as proposed for national 
adoption. Some of the results reported will 
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be discussed. Another subject of general 
interest is the effect of weather. Previous 
experience has shown that radio influence is 
higher in wet weather. The paper gives a 
minimum ratio of 4-to-1 for this effect and 
shows that there are many factors involved. 
The question of the effect of weather comes 
up also in connection with some types of 
high-voltage outdoor apparatus, for instance 
those in which current-carrying members are 
exposed. When tested at the factory, such 
apparatus usually shows radio influence 
levels much lower than present commercial 
limits. One reason for allowing a fairly 
wide margin between limits and average 
test values has been the probable effect of 
weather. The present paper tends to sub- 
stantiate this practice. 

In the Conclusions, paragraph 14, it is 
implied that enough data have been ob- 
tained to provide at least a tentative basis 
for selecting the conductor for a proposed 
transmission line. The paper is not specific 
as to how a selection of conductor size could 
be made, thus leaving it to the judgment of 
the reader. Figure 14 of the paper might be 
used as a general guide. Curves are shown 
for a reference radio influence level of 2,000 
microvolts on the conductor or 15 micro- 
volts per meter at 100 feet, the two figures 
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representing the same influence according 
to equation 2 in the paper. (This equation 
agrees quite well with the data in a paper 
presented in 19438 entitled, Measurements 
Pertaining to the Co-ordination of Radio 
Reception With Power Apparatus and 
Systems, by C. M. Foust and C. W. Frick.!) 
If this influence level is considered accept- 
able, a minimum conductor size might be 
estimated from curve 2. Such a size might 
be modified somewhat by considering other 
curves such as 3, 4, 5, and 16, in view of the 
particular conductor under consideration. 
Further modification would be necessary 
for conductor spacings other than 32 feet to 
which the curves apply. 

No particular reason is given for the use 
of 15 microvolts per meter at 100 feet at 1.0 
megacycle. Such a distance can be re- 
garded only as an arbitrary value for refer- 
ence since radio antennas would not be 
placed in stich close proximity to a line 
operated at 220 kv or higher. If this level 
is representative of existing lines which are 
considered satisfactory from the radio 
standpoint, it would be reasonable to use it 
for such purposes as the selection of conduc- 
tors in the absence of other information. 

It should be remembered- that the radio 
influence levels referred to in Figure 14 
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apply to a particular kind of measurement 
made at one frequency, 1.0 megacycle. 
According to data on chart the measurement 
is made with the type of radio noise meter 
which has been in use since 1940 by most 
groups although not actually adopted as an 
American Standard. A proposal is un- 
der consideration, to adopt as an Ameri- 
can Standard, a specification for radio 
noise meter along similar lines but with 
some changes, particularly in the circuit for 
the quasi-peak measurement. The paper 
includes measurements with an instrument 
which approximates the proposed new char- 
acteristics for quasi-peak measurements. 
These measurements and others show a ratio 
of the order of 2-to-1 between the proposed 
standard instrument and the one used for 
Figure 14. From the practical standpoint, 
the difference can be taken care of by using 
a conversion factor. 


The quasi-peak method has been found 
by experience to be the most useful means 
for evaluating radio influence or noise. It 
has been noted that ‘‘quasi-peak”’ is a term 
not very well known among engineers, and 
therefore a brief review of the principles 
may be of interest. The annoyance effect of 
noise consisting of a succession of short 
pulses is known to depend upon pulse ampli- 
tude and repetition rate. Early measure- 
ments of radio noise were made on an am- 
meter or a voltmeter in a conventional detec- 
tor circuit. This arrangement worked on 
random noise or on pulses at several hundred 
er second, but did not properly evaluate 
pulse noise at rates as low as 10 or 20 per 
second. Therefore, a circuit was developed 
which gives meter indications dependent 
upon both amplitude and repetition rate. 


The circuit used for this purpose consists 
of a capacitor which is charged from the 
detector at a moderately fast rate and is dis- 
charged between pulses at a slow rate. A 
single pulse charges the capacitor to only a 
fraction of the peak voltage. A succession 
of pulses builds up the capacitor voltage to 
a value dependent upon the time constants 
for charge and discharge, the repetition rate 
and the peak voltage in the detector output. 
The meter indication is a function of the 
capacitor voltage. Such an arrangement is 
called a “‘quasi-peak’’ voltmeter because of 
its similarity to a theoretical peak voltmeter 
consisting of an ideal capacitor which 
charges in zero time and holds the charge 
indefinitely and a voltmeter which draws no 
current. The quasi-peak voltmeter tends 
to approach the theoretical peak voltmeter 
at higher repetition rates. An ideal noise 
meter would give equal readings on two 
noises which are of equal annoyance effect 
or nuisance value. The 1940 instrument 
with 10-milliseconds charge time somewhat 
underrated noises characterized by repeti- 
tion rates below 100 per second. In the 
proposed standard specification, the charge 
time constant has been reduced to one milli- 
second, with 600-milliseconds discharge 
time constant as before. The time con- 
stants of 1.0 and 600 milliseconds have been 
used for a number of years in radio noise 
meters for frequencies above 15 megacycles 
which were designed after experience had 
been gained with the 1940 instruments for 
the lower frequency range. 

The proposed specification for radio noise 
meters provides for peak measurements by 
the slide back voltmeter method. This 
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measurement is accomplished by manually 
adjusting a bias voltage until the sound or 
oscilloscope output is reduced to zero. The 
bias voltage is calibrated in terms of the 
microvolt input from a signal generator. 
The reading so obtained is independent of 
detector characteristics but does depend on 
the band width of the instrument. The 
effect of band width can be eliminated by 
reducing the reading to unit band width. 
This procedure has been used for some pur- 
poses such as the study of radio noise pro- 
duced by automotive ignition systems. 

The “equivalent value” of noise suggested 
in Appendix I of the paper is the same as the 
peak value per cycle bandwidth. It can be 
obtained from quasi-peak readings as in the 
paper, but a simpler method is to use the 
peak reading which is independent of pulse 
repetition rate. For example, in Figure 19 
the peak value at 1.0 megacycle was 100 
microvolts per meter. If the bandwidth is 
taken as 4,000 cycles, the microvolts per 
meter per cycle bandwidth would be 0.0025 
which is close to the ‘‘equivalent value’ of 
r.i. shown in Figure 20. It is, of course, 
necessary to know the value of bandwidth 
to use. 

The stated bandwidth of 4 ke was evi- 
dently determined for random noise. Some 
tests we have made indicate that the band- 
width for pulse-type noise is not necessarily 
the same as for random noise, since the out- 
put is directly proportional to bandwidth 
for pulse-type noise and is proportional to 
the square root of bandwidth for random 
noise. Our tests indicate a bandwidth of 
about 6 ke on pulse noise for the type of 
instrument used. 

The measurement of peak value per-unit 
bandwidth (‘‘equivalent value’’) is a com- 
plex procedure. The quasi-peak method is 
much easier to use and to interpret in terms 
of nuisance value. The “equivalent value” 
is of interest for purposes of analyzing the 
characteristics of disturbances associated 
with radio noise. For example, Figure 20 
of the paper shows a noise output which 
varies inversely with the frequency at which 
the measurement is made. An analysis of 
measurements on square waves in my paper, 
listed as reference 15 of the paper, shows 
such variation with frequency. The same 
variaton of noise with frequency is shown 
when a sudden change is followed by a 
gradual return to normal. Similar analysis 
made on short pulses, that is a sudden 
change and a sudden return to normal, 
show constant noise output up to a fre- 
quency which depends on pulse width. The 
data plotted in Figure 20 seem to indicate 
that the square-wave type predominates. 
This suggests some possibilities for future 
research. 

The authors conclude that present instru- 
mentation is satisfactory. They do not 
state whether the present basis or the pro- 
posed basis for quasi-peak measurements 
would be preferable. An early adoption of 
the proposed American Standard either in 
its present form or modified, if necessary, 
would help to meet the need for standardiza- 
tion pointed out in the paper. Some com- 
parisons of signal-to-noise measurements 
with listening tests are reported in the paper 
but those shown in Figure 3 gave no indica- 
tion as to which instrument would be prefer- 
able. If the pulse repetition rate is 20 per 
second or less, as stated in Appendix I, the 
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instrument with the 1940 characteristics 
probably reads low. If so, the upper curve 
on Figure 3, which represents the newer in- 
strument should give a better indication of 
the nuisance value. On this curve, 30- 
decibel signal-to-noise ratio corresponds to 
quality B reception which is defined as 
“very good”. This would agree with the 
criterion of 30 decibels for acceptable re- 
ception which has been commonly used. 
The facilities used by the authors would 
give an excellent opportunity for furthér 
studies along these lines. 


REFERENCE 


1. MEASUREMENTS PERTAINING TO THE Co- 
ORDINATION OF RADIO RECEPTION WITH POWER 
APPARATUS AND Systems, C. M. Foust, C. W, Frick. 
AIEE Transactions, volume 62, June 19438, pages 
284-91. 


R. L. McCoy (Locke Incorporated, Balti- 
more, Md.): The authors and their asso- 
ciates who assisted in collecting, analyzing, 
and presenting the wealth of data contained 
in the paper are to be commended and con- 
gratulated on so fine a contribution. 

Having had a little experience in making 
field measurements, and knowing the diffi- 
culties encountered in obtaining and inter- 
preting the results, I can appreciate the 
work which was involved in making these 
tests, rechecking them, and interpreting the 
results to give a picture which is not full of 
inconsistencies and contradictions. 

In connection with this paper there are 
two questions which I should like to ask the 
authors. These are: 

1. I have been unable to find any refer- 
ence in this paper to field tests measuring 
the radio influence voltage of the insulator 
assemblies at the various operating voltages 
which were tried. Insulator strings fur- 
nished by Locke Incorporated for the test 
project were investigated for corona forma- 
tion voltage in the laboratory prior to being 
sent to the field for installation. Unfortu- 
nately the limit of testing equipment avail- 
able prevented investigation of radio influ- 
ence voltage of these units up in the range 
of higher voltages where interference might 
have been generated. Is any information 
available as a result of the investigation on 
the radio influence voltage of these insulator 
strings themselves? 

2. It is apparent that considerable ex- 
perience was obtained in these tests with 
two types of noise meters, namely those 
covered by specifications referred to in 
references 10 and 11 of the paper. We have 
had a great deal of experience with the 
meter specified in the specification under 
reference 10 in the laboratory, and a little 
experience with it in the field. For the most 
part it has proved to be a very satisfactory 
instrument. We have also had a small 
amount of experience in the laboratory in 
operating the meter to the new proposed 
specification now published for a one year 
trial use as referred to in reference 11. 
Based on this experience we felt that the 
meter was considerably more difficult to 
use because of the two decade logarithmic 
scale as against the 3-decade scale for the 
meter required under the specification refer- 
ence 10. We found what we thought was 
considerably more difficulty in reading and 
interpreting the results, due to much more 
violent meter swings on rapidly varying 
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interference. I would be much interested in 
knowing the authors’ reaction to the two 
types of noise meters. Which did they feel 
was the easiest to use, and did the meter 
referred to in reference 11 appear to give 
results which were more significant than 
those obtained with the meter per reference 
10? 


C. I Miller, Jr. (Ohio Brass Company, 
Barberton, Ohio): The authors have done 
an excellent job in measuring and evaluating 
radio interference originating on the con- 
ductors of high-voltage transmission lines, 
both in the laboratory and in the field and 
are to be commended for the thoroughness 
of their work. The paper emphasizes the 
fact that it is the conductors themselves and 
not the supporting insulators and associated 
line hardware that are the primary sources of 
radio interference. Furthermore, the paper 
emphasizes the fact that the lines may have 
appreciable corona surrounding them with- 
out causing serious radio interference with 
radio and television reception. Conven- 
tional suspension insulators have inherently 
good corona and radio interference charac- 
teristics, yet the tendency has been to push 
specification requirements into regions where 
special treatments may be necessary to rid 
suspension insulators of the last vestige of 
corona and radio interference at 110 per cent 
of operating voltage. This procedure seems 
rather absurd when the conductors them- 
selves can be in considerable corona without 
causing serious radio or television interfer- 
ence. 

The authors indicate that r.i. voltage in- 
creases as the square root of the number of 
generators. In studies at the Ohio Brass 
Company’s laboratory three series of tests 
were performed which indicate that radio 
noise voltages do not appear to add, but are 
controlled by the largest noise generator. 
In one test five 16-unit strings of insulators 
were tested first one at a time and then all 
five in parallel. The parallel test curve fol- 
lowed the upper envelope of the five indi- 
vidual curves, indicating no particular addi- 
tion of radio noise level. In the second test, 
ten 3/8-inch carpet tacks were attached toa 
j-inch diameter smooth conductor. A radio 
noise curve for the ten tacks practically 
coincided with the curve taken with one 
tack, nine having been removed, again show- 
ing no tendency toadd. The third test con- 
sisted of running a curve with a l-inch 
diameter smdoth conductor sprayed with 
water from one end to the other. Then a 
second curve was run with the conductor 
wiped dry except for one drop of water. 
Again the single noise source gave just as 
much radio noise as several hundred points 
along a 12-foot conductor. All of these 
tests were made using the conventional 
EEI-NEMA-RMA recommended circuit 
and a Ferris 32A radio noise meter tuned 
to 1,000 kv per second. 

I would be interested in the author’s com- 
ments on our observations that radio noise 
voltages do not appear to add in the above 
described tests. 


R. M. Showers and C. J. Fowler (University 
of Pennsylvania, Philadelphia, Pa.): Pres- 
ent tendencies in electrical noise interference 
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studies are in the direction of the determina- 
tion of a common denominator for the meas- 
urement of noise so that such measurements 
will be as objective as possible and not de- 
pend on the particular meter or meters with 
which the measurements are obtained. It is 
ultimately desirable to be able to interpret 
such measurements in terms of interference 
to actual communications systems. One 
step toward this goal is the translation of the 
measured readings in terms of values inde- 
pendent of the noise meter bandwidth. In 
order to do this it is necessary to determine, 
to a certain extent, the characteristics of the 
noise being measured. One way of accom- 
plishing this is by means of different detector 
circuits. 


This paper is one of the first to present 
comparative readings obtained with the 
three circuits, peak, quasi-peak, and aver- 
age. The differences between these three 
readings depend, of course, upon bandwidth 
and time constants of the meter, as well as 
the wave form of the noise signal being 
measured. For example, for a pure random 
type of noise, the ratio of quasi-peak to 
average will be relatively small on the order 
of 2-to-1 but be relatively independent of 
bandwidth and for impulsive noise the ratio 
of quasi-peak to average may vary from 
close to unity to values as high as 100-to-1, 
(in the latter case, it may not be possible to 
get a significant average reading because of 
overload characteristics of the noise meter) 
the ratio being highly dependent upon band- 
width and repetition rate. With regard to 
the application to the present results, an 
examination of the oscillograms in Figure 12 
shows that the corona effects appear for 
only about 25 per cent of the time on single- 
phase lines, but that while corona is taking 
place the noise takes on a fairly random 
character. The present results on a single- 
phase line show a ratio of quasi-peak to 
average of about 10-to-1. This is explained 
by observing that the average reading 
should be reduced relatively more than the 
quasi-peak reading because of a low duty 
cycle over which the radio noise is produced. 
It is to be noted that on a 3-phase line, the 
duty cycle will be roughly three times as 
great as on a single-phase line with the result 
that the quasi-peak to average ratio would 
be expected to be less. On Figure 25, it is 
seen that the ratio is of the order of 6-to-1 
for the 3-phase case. This is higher than 
would be expected for a 75 per cent duty 
cycle of random noise hence it might be 
concluded that the noise is intermediary 
between pulse and random types or that the 
duty cycle|is actually lower than assumed. 
The exact amount of information obtainable 
with such detectors will depend on the out- 
come of further tests. The use of these 
ratios to distinguish between 1-phase and 
3-phase corona noise might prove useful in 
locating the source of the noise in a complex 
transmission system. 


The term ‘‘equivalent”’ used in connection 
with Figure 20 may cause some confusion 
among those less familiar with noise work. 
Actually, for the two meters, PRM-1 ( NM- 
10A), and NM-20A for which values have 
been plotted, the value of ¢ is closely equal 
to the bandwidth of the meter, theremaining 
correction being for time constants, so that 
this figure actually gives equivalent micro- 
volts per meter per kilocycle bandwidth, 
provided the “equivalent” scale is multi- 
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plied by 500. To avoid the time constant 
difficulty with these meters the actual peak 
reading could be divided directly by the 
bandwidth for those meters employing a 
slideback voltmeter. This would also allow 
the extension of the range of Figure 20 to 
120 megacycles. In the above it has been 
implicitly assumed that the response of the 
noise meter varies directly as the bandwidth 
which would be the case for pure square 
waves applied at the input. The discussion 
in the preceding paragraph, however, indi- 
cates that the noise is more nearly of the 
random type and for random noise the re- 
sponse of a noise meter would vary as the 
square root of the bandwidth. Therefore, 
equivalence should be obtained by dividing 
the average readings given on Figure 19 
by the square root of the bandwidth of the 
meter used for the particular measurement. 
The ordinate would then read microvolts 
per meter per square root kilocycle band- 
width. Such a presentation might be more 
significant to the communications engineer 
who is trying to evaluate the interference 
effect of a particular case of corona on his 
communication system. It should be noted 
that equivalent readings in terms of micro- 
volts per square root kilocycle show excel- 
lent agreement between different noise 
meters in ranges where their frequencies 
scales overlap. 


J. R. Robert (Electricite de France, Paris, 
France): The principal conclusions given in 
the paper are in accordance with those ob- 
tained from the tests carried out at the 
500-kv Chevilly Station. In particular, 
radio disturbances caused by the Chevilly 
400-kv test line had already been observed 
to be no greater than those of the 220-kv 
lines in operation and the disturbing field 
became negligible as soon as a distance of 
100 to 150 feet from the line had been 
reached. 

Tests carried out at Chevilly have been 
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particularly directed towards a precise study 
of the relation between streamers and radio 
disturbances. The high increase of the radio 
disturbance field in the neighborhood of an 
important streamer had already been 
pointed out. A small test cage has been 
specially built, inside which the conductor 
remains at the earth potential while the test 
cage is at a high potential. It was thus pos- 
sible to make oscillograph records of the cur- 
rent and load surge waves emanating from 
every streamer. These oscillograms are 
shown on Figure 1 of this discussion and 
have led to the following classification: 

1. The first streamers to appear are 
negative and take on the appearance of one 
or several regular series so called: ‘‘Trichel 
waves’. 

2. When the voltage is quite close to the 
critical voltage, large irregular negative 
streamers appear. If the line is very dirty 
or wet, large irregular positive streamers also 
appear. The negative streamers which 
originate the Trichel waves create a low 
disturbance field which tends to become 
saturated for a value of this field which 
causes no perceptible radio disturbance. 
But as may be seen in Figure 2 of this dis- 
cussion, the large irregular negative and 
positive streamers create a much higher dis- 
turbance field as soon as they appear. They 
are essentially responsible for the radio 
interference. In particular this has been 
confirmed by tests made on the Alpe d’Huez 
experimental line. 

In order to study high altitude influence 
on corona, two identical short lines have 
been built, one at Chevilly near Paris at an 
altitude of 100 metres, the other at the Alpe 
d’Huez in the Alps at 1,850 metres. When 
the two lines are subjected to the same nor- 
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mal gradient, losses are found to be three to 
four times higher at Alpe d’Huez than at 
Chevilly. But such is not the case with 
radio interference. As shown in Figure 3 of 
this discussion, the latter remains about six 
times lower. This is due to the surface con- 
ditions of the conductors. At Chevilly the 
atmosphere is polluted and dust deposits on 
the conductors provoke large irregular 
streamers. At Alpe d’Huez on the contrary, 
the atmosphere is pure, the conductor re- 
mains clean and there occur chiefly Trichel 
waves which produce severe losses but low 
radio interference. This phenomenon is im- 
portant and it is advisable to take it into 
account for the study of lines laid across 
mountainous or uninhabited countries. Al- 
though far from radio transmitters, the dis- 
turbances due to the line have no chance of 
becoming annoying as they keep to a low 
level. 


REFERENCE 


1. ResuLtTs or TESTS CARRIED OvuT AT THE 500- 
Kv EXPERIMENTAL STATION OF CHEVILLY (FRANCE) 
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H. L. Rorden (Bonneville Power Adminis- 
tration, Portland, Oreg.): The data that 
have been obtained in the extensive under- 
taking contained in this as well as com- 
panion papers have contributed greatly to 
our information on this complicated and 
diversified subject. We are particularly 
impressed with the radio noise and loss 
measurements, since both are difficult to ob- 
tain with a fair degree of accuracy. It was 
well said in the presentation of a companion 
paper that one of the most conclusive obser- 
vations during the investigation was the 
great variation and lack of uniformity of 
corona and radio noise characteristics. 

The Bonneville Power Administration is 
conducting a rather extensive investigation 
leading toward the same objective as that 
reported in this and companion papers and 
it is of interest to compare results both 
where they agree and where some differences 
exist. Laboratory and field tests are being 
conducted in an effort to determine optimum 
conductor diameters for the higher voltages 
as well as to investigate the numerous other 
phases of radio noise and corona losses. The 
ultimate objective of radio noise investiga- 
tions on transmission lines is elimination of 
interference in domestic radio reception, and 
the conversion factors between noise ema- 
nating from a line and tolerable limits for 
domestic radios are still to be established. 

Of particular interest is the fact that 
generally results obtained in the laboratory 
or on a short length of transmission line are 
in general agreement with results reported 
in the Tidd investigation. Our laboratory 
data indicate, for example, that the intensity 
of rain on a conductor, insulators or hard- 
ware is of minor importance in establishing 
the noise level as long as they are dripping 
wet. 

In order to be assured of the relation that 
exists between laboratory results and condi- 
tions in service, a radio noise measuring cir- 
cuit of the so-called “NEMA” type was 
coupled to one conductor of a 230-kv line in 
service. At the test site, continuous chart 
measurements were obtained of the micro- 
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volts recorded by a Ferris meter coupled to 
the NEMA circuit, as well as by a record of 
the field strength obtained with an antenna 
pickup. In effect, the tests were made on a 
line of infinite length. 


Data obtained on the line in service indi- 
cated that the intensity of rain plays an im- 
portant part in the resultant radio noise. 
The noise level recorded by both direct 
coupling and the antenna pickup indicated 
during very severe rain a level two to four 
times that obtained during moderate and 
lighter rainfall. During the drying out 
period following the rain, the noise fell 
slowly to the fair weather level. 


Other tests of a similar nature lead us to 
believe that noise generated on a transmis- 
sion line over a considerable distance con- 
tributes to the level that might be recorded 
at any location. On this basis, it may be 
difficult to translate data obtained on a rela- 
tively short length of line into results that 
may be anticipated in service, even though 
the test span may be properly terminated in 
the equivalent surge impedance. This ob- 
servation is further verified by data which 
indicate a considerable difference in the 
noise level obtained on the line in service 
with that obtained on a short length of con- 
ductor in the laboratory under as nearly as 
possible the same conditions of voltage, 
weather, rain, and so forth. Laboratory 
tests undoubtedly are useful in obtaining 
relative data, however, it is our belief that it 
is difficult to translate these data in terms of 
results that may be expected in service. 


Arthur Bessey Smith (Automatic Electric 
Laboratories, Inc., Chicago, Ill.): My re- 
marks are from the standpoint ofa telephone 
engineer who is interested in suppressing 
such radio influence voltage as is produced 
by telephone switching apparatus. Our 
measurements are usually made on the 
apparatus itself and finally at the main dis- 
tributing frame, where the telephone lines 
leave the central office. Incoming electric 
power lines also need suppressing for radio 
influence voltage knows no better than 
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to escape by all _ possible routes. 

The present paper reveals aspects of the 
surfaces of electric power conductors which 
I believe are not commonly known. Experi- 
ence with needle points formerly used in test- 
ing might have pointed to the effects of 
roughened surfaces of conductors, but radio 
was too new to be a factor. Now, with the 
much more sensitive radio the deposits on 
the power wires and the roughening of the 
surfaces have become important. 

The authors mention ‘‘shock excitation.” 
This strikes a responsive chord with us, for 
most of the radio influence due to telephone 
relay contacts is caused by abrupt changes 
in current. For many years most of the 
contacts which are rapidly made and broken 
have been protected against wearing out by 
the use of a capacitor and a resistor. This 
gave long life to the contact. But radio 
influence voltage continued to be generated, 
and we were forced to quench it by effec- 
tive radio suppressors. From experience it 
seems that such a disturbance as we had to 
quench was about as near to a shock excita- 
tion or Heaviside unit function as we find in 
commercial machinery. 

As to the radio frequency effects of power 
line corona being greatest in the low-fre- 
quency range, we found that telephone 
apparatus also acted just about the same. 
Above the broadcast band there was prac- 
tically no complaint from the general pub- 
lic, though sometimes there might be an iso- 
lated measurable radio influence voltage of 
very narrow width. 

On the whole this is an interesting and 
valuable paper and will be much consulted 
by engineers. 


G. D. Lippert, W. E. Pakala, S. C. Bartlett, 
and C. D. Fahrmnkopf: As pointed out by 
Mr. Frick, Figure 14 of the paper is intended 
as a general guide for the determination of 
r.i. characteristics of conductors. The se- 
lection of a conductor on the basis of its r.i. 
characteristics will require in addition to the 
exercise of judgment based on the data pre- 
sented in the paper, a knowledge of field 
conditions along the proposed right-of-way 
such as: the number, location, and output 
power of broadcast stations in the general 
vicinity of a proposed line and the number 
of residents in close proximity to the line. 

The 15 microvolts per meter, 100 feet from 
the line and 1.0 megacycle were offered as a 
basis of presentation because this r.i. value 
is representative of a large number of existing 
lines that have not caused any complaints 
of radio interference although a value con- 
siderably higher than 15 microvolts per 
meter may be entirely practical. 

Messrs. Frick and McCoy have com- 
mented on the instruments designed in 
agreement with the 1940 recommendation 
and those meeting the present proposed 
standard. The authors found that the in- 
struments designed to the 1940 recommen- 
dation were satisfactory for measuring 
quasi-peak r.i. and field intensity of broad- 
cast signals, however the new proposed 
standard requires that the instrument be 
capable of measuring average field intensity, 
quasi-peak and peak r.i., and will provide 
considerably more information which may 
be of value. 

_ Due to the constants of the detector cir- 
cuit an instrument designed to meet the 
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new proposed staudards may be more re- 
sponsive to sudden changes in r.i. and more 
difficult to read when the r.i. is changing 
rapidly but during the many days of testing 
the authors have experienced difficulty in 
reading only in a few instances with the 
Stoddart meter and then only when there 
were rapid changes in r.i. 


Mr. McCoy asked if there were any data 
on r.i. contributions of the line insulators 
and hardware. The line insulator assemblies 
were equipped with corona control rings at 
the line end and these rings were effective in 
preventing visible corona on either the line 
hardware or the insulators. At 100 kv above 
the voltage where corona was visible on the 
conductors the insulators and hardware 
were free from visible corona. It was found 
that visible corona and measurable r.i. 
occurs at approximately the same voltage 
and the absence of visible corona led us to 
believe that the 30 insulator strings and 
hardware would not contribute any to the 
conductor r.i. 


Mr. Miller’s comments were most inter- 
esting as his tests did not indicate any in- 
crease in r.i. with an increase in the number 
of r.i. generators. The circuit and meter 
used by Mr. Miller was the same as that 
used by the authors. In our laboratory 
tests the r.i. very definitely increased as the 
square root of the number of r.i. generators. 
The generators used were tested individually 
and each produced approximately the same 
r.i. It is possible that by coincidence we 
selected an arrangement of r.i. generators 
that resulted in an increase in r.i. whereas 
other arrangements or other applied voltages 
may produce different results. It is known 
that if several similar r.i. generators are 
placed on a conductor in close proximity to 
each other the first one in corona will pre- 
vent the others from producing any r.i. As 
soon as a corona streamer starts to form 
there is a reduction in voltage gradient in 
the general vicinity of the corona streamer 
and the other r.i. generators will not produce 
corona, unless there is a considerable in- 
crease in applied voltage. 


We agree with Messrs. Showers and Fow- 
ler as to their suggested three detector cir- 
cuit method of measurement and appreciate 
their analysis of the ratio of quasi-peak to 
average r.i. for single-phase and 3-phase 
tests. 


Their analysis of the data in Figure 20 
with reference to the conversions of read- 
ings of the four different meters to the same 
base will reduce the confusion which might 
result in the interpretation of the test data 
. | 
in the paper and from other sources by 
those less familar with radio noise work. 


The data presented by Mr. Robert on re- 
sults obtained at Chevilly and Alpe d’Huez 
in France especially with reference to r.i. at 
high altitudes and the effect on r.i. of con- 
taminated and clean atmosphere is most 
interesting. Their results indicate, as do 
ours, that the radio noise field is increased in 
the vicinity of a local streamer. The effect 
of dirty and weathered conductors is to in- 
crease radio noise due to positive streamers, 
as can be seen from the films of Figure 12(C) 
and 12(E) of the paper. It appears that the 
effect of dirt deposits is similar to that of 
rain in that these dirt deposits promote 
radio noise on the positive half cycle. At 
Chevilly the corona loss was less than at 
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Alpe d’Huez (altitude 6,100 feet, but atmos- 
phere very clean), whereas the radio noise 
was six times greater at Chevilly than at 
Alpe d’Huez. In most mountainous regions 
the conductor environment may be clean, 
however, there are regions where dust storms 
may produce dirty conductor surfaces and 
radio noise as high as in industrial and culti- 
vated areas. Our 500-ky test site is sub- 
jected to considerable atmospheric con- 
tamination of a highly variable nature. In 
extreme cases the conductors were tempo- 
rarily enveloned in smoke from passing coal 
burning locomotives or freight boats on the 
Ohio river. In these instances if testing was 
in progress the r.i. fluctuated violently and 
the tests were repeated as soon as clear 
atmospheric conditions were obtained. The 
tests on operating lines were all conducted 
at locations where comparatively clear 
atmospheric conditions existed. 

It would be very useful if a correlation be- 
tween radio influence readings made with 
French meters and those we used could be 
obtained so that data of both projects could 
be compared on the same basis. 

Our test results with artificial rain in the 
laboratory agree with laboratory results ob- 
tained by Mr. Rorden. Also the average 
increase of r.i. with rain of three to four 
times agrees with the data shown in Figures 
Sand 9 of our paper. 

Mr. Rorden believes that noise generated 
at a distance from the point of measurement 
may contribute considerably to the ri. 
measured. This will depend on the attenu- 
ation which in turn depends upon the fre- 
quency of the propagated wave. Tests were 
made at Tidd on 1,900 feet, and 7,160 feet 
sections of 2-inch steel-reinforced aluminum 
cable, and it was found that the increase 
from 1,900 feet to 7,160 feet was not appreci- 
able at practical operating voltages, see 
Figure 23. In tests of this nature considera- 
tion must be given to the different resonant 
frequencies of the different line lengths or 
preferably, the lines should be terminated 
in their surge impedance to reduce the effects 
of reflections. 

Mr. Rorden expressed his belief that there 
may be difficulty in translating the results 
of laboratory data in terms of results that 
may be experienced on long lines. In order 
to obtain the best possible correlation be- 
tween tests on long lines in the field and 
short test specimens in the laboratory, the 
laboratory specimens were taken from the 
long lines where field tests were made. 
Specimens of all the different conductors 
tested at Tidd were also tested in the labora- 
tory and it is believed that we now have a 
reliable correlation between conductors 
tested in the laboratory, on the 500-kv test 
site, and on existing long lines. 

It is our opinion that the radio influence 
characteristics of conductor in the labora- 
tory and in service are defined by curves 
such as given in Figure 14, all of which have 
the same form. The effects of tests of long 
lines in service are to shift the laboratory 
curve to the left, and that this shift is uni- 
form for all conductor sizes used on lines. 
With rain the laboratory test curve number 
2 as compared to Tidd in rain, curve number 
3, are not very far apart. It is believed that 
with rain the test conductors used in the 
laboratory may be much shorter than for 
dry tests without introducing appreciable 
errors. 
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Detection of Turn-to-Turn Faults in Large 
High-Voltage Turbine Generators 
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Synopsis: A modification of the method of 
using the surge-comparison tester was inves- 
tigated in regard to detecting and locating 
turn-to-turn faults in the stator windings 
of large high-voltage turbine generators. 
It was found that by using the method de- 
vised, the turn insulation can be stressed to 
as much as several times operating condi- 
tions, and both copper-to-copper faults and 
arcing faults can be detected easily. Limi- 
tations of the test method were explored, 
and recommendations for further improve- 
ment of the test, particularly as regards in- 
creasing the amount of stress on the insula- 
tion, are made. 


N THE design of turbine generators, to 
obtain operating voltages of 13,800 or 
more within a workable range of flux 
densities and stator slot sizes, the stator 
coils occasionally must be of the multi- 
turn type. When the multiturn type of 
coil is decided upon, of necessity, an in- 
sulating barrier must be applied between 
turns as well as to ground. Asa check on 
the quality of work done, it is highly de- 
sirable to test both of these barriers. 
There is little difficulty in doing this on 
individual coils and obtaining reliable 
indications of insulation condition. How- 
ever, after the coils are tested they must 
be assembled in the stator, and in this 
process the possibility of damaging either 
or both of these barriers is ever present. 
For many years the insulation to 
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ground has been tested after assembly, 
and standards of acceptance have long 
been in effect. The insulation between 
turns, on the other hand, has not been 
tested after assembly principally be- 
cause no means was known of making 
such a test on a turbine-generator wind- 
ing. When the desirability of this addi- 
tional test became apparent, efforts were 
made to develop a new testing technique 
which would indicate turn-to-turn faults 
or near-faults satisfactorily. 


Early Trials 


There are in general two widely used 
methods of testing between turns. First 
is the high-frequency test, wherein the 
damped oscillations of a capacitor dis- 
charge through the combination of re- 
sistance and inductance under test are 
picked up by a wavemeter tuned to the 
particular resonant frequency of the cir- 
cuit. Secondly, there is the surge-com- 
parison test, wherein a capacitor is 
charged to a given voltage and discharged 
through two windings, or portions of 
windings, which if free from faults are 
symmetrical. Faults are detected in the 
first system by changes in the resonant 
frequency and in the second by the dis- 
symmetry of the discharge through the 
two windings as viewed on a cathode-ray 
oscilloscope tube. 

The difficulty with the conventional 
method of using either of these tests on 
completed turbine-generator windings was 
that the impedance of the winding was so 
low, and the effect therefore was virtually 
to short circuit the terminals of the test 
set. With the high-frequency test under 
this condition a short circuit between 
turns did not produce a detectable change 
of frequency. With the surge-comparison 
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test, the internal protective resistance 
was found to be of greater ohmic mag- 
nitude than the winding, with the result 
that the greater part of the capacitor 
voltage was dissipated before it reached 
the machine terminals. 

The next attempt was made using ex- 
ternal coils to induce voltage in the indi- 
vidual coils in a winding. The content of 
this paper is concerned mainly with this 
method. 


Test Equipment 


The surge-comparison tester consists of 
a repeating-type surge voltage generator, 
a cathode-ray oscilloscope, and syn- 
chronously driven switching equipment— 
all enclosed in one cabinet. The genera- 
tor produces a rapid succession of voltage 
surges (60 per second when used with 60- 
cycle power) of controlled wave shape 
and easily adjusted magnitude. The 
voltage surges produced for the tests have 
a sufficiently high rate of rise (less than 
one microsecond) to put a high turn-to- 
turn stress on the insulation being tested. 

The high voltage surge is produced by 
the discharge of a capacitor through a 
thyratron tube to the winding under test. 
The firing of this tube, as well as the ini- 
tiating of the sweep pulse for the oscillo- 
scope, are controlled by the same elec- 
tronic circuit. The generated surge volt- 
age goes through a synchronously driven 
reversing switch, which sends alternate 
surges through the two coils or windings 
under test, first through one, then the 
other on the next cycle, and so forth. 

The surge-comparison tester is capable 
of putting out a relatively high voltage 
at a steep wave front (both required in 
turn-insulation testing) and in addition 
the equipment is portable and simple to 
operate. The usual method of using this 
tester is to introduce the surge through 
the machine terminals, thus putting the 
surge voltage through all the turns in 
series. With this method the voltage be- 
tween turns will not exceed the operating 
voltage per turn on 13.8-ky machine 
windings, and so the surge-induction 
method of testing individual coils was 
devised. 
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The surge-induction comparison test 
applies the surge voltage to multiturn 
coils in generator windings by inducing 
the voltages in the individual coils. Since 
the surges are applied (inductively) to 
individual coils it is possible to apply ma- 
terially more voltage turn-to-turn than 
when the surge was applied directly to the 
winding terminals. The tester is designed 
to operate on the principle of balance and 
comparison; in this test it compares the 
voltage induced in two coils in the same 
electrical position in a phase at one time. 
If the winding is symmetrical, that is, if 
there are no faults, the waves induced in 
the winding across the phase to ground 
will be the same for either surge-inducing 


Figure 2, Surge-induction test in shop 
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coil. However, if this symmetry is dis- 
turbed by anything, in this case a short- 
circuited turn, the voltage induced by the 
two surge-inducing coils across the phase 
will differ, and two dissimilar waves will 
appear on the oscilloscope screen. The 
persistence of the cathode-ray tube screen 
permits the two traces to be observed at 
the same time. The oscilloscope has the 
usual controls for adjusting the sweep, 
image clearness, and amplitude of the 
trace. 

To test a multiturn turbine-generator 
winding by the surge-induction test 
method, two surge-inducing coils are 
placed in the bore of the machine so that 
one surge coil couples one coil in the 
winding under test, and the other surge 
coil couples another coil in the winding in 
the same phase and electrical position. A 
channel (wood or metal) is used to contain 
the turns of the surge-inducing coils. 
This allows closer coupling throughout 
the bore of the machine between the 
surge-inducing coil and the coil under 
test and makes handling of the coils con- 
siderably easier. 

The surge-inducing coils and channel 
are designed to fit the space in the slot 
above the wedges. Four leads (two from 
each surge coil) are brought out to the 
surge-comparison tester. One lead from 
each coil is grounded to the frame of the 
tester, the other lead from each coil being 
connected to separate terminals from the 
reversing switch. One side of the phase 
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being tested is connected to ground, 
while the other lead is connected to the 
oscilloscope terminal of the tester for ob- 
serving the trace of the voltage induced in 


that phase by each coil. Figure 1 is a 
schematic diagram of the complete con- 
nection, and an actual test setup is shown 
in Figures 2 and 3. It may be possible 
that the voltage traces are 180 degrees 
out of phase when voltage is applied to 
the surge-inducing coils. In this case it 
is only necessary to reverse the leads on 
one of the surge-inducing coils. A suit- 
able voltage divider is used to reduce the 
trace voltage to a value that can be ap- 
plied to the deflection plates of the oscil- 
loscope. 

There appear to be no critical limits on 
the surge-inducing coils. Generally, any 
insulated wire capable of withstanding 
the voltage and small enough. to fit the re- 
quired number of turns in the space 
available can be used. Surge-inducing 
coils of two, three, and four turns have 
been used successfully, the number of 
turns being determined by the number of 
turns in the coil being tested. Usually a 
one-to-one ratio of surge-inducing turns 
to winding-coil turns is the maximum 
desired because of the transformer action 
of the two coils. A step-up ratio could be 
used between surge-inducing coil and 
winding coil, but the internal impedance 
of the surge-comparison tester makes a 
1-turn surge coil impractical, since most 
of the voltage is dissipated in the tester. 
Windings using a large number of turns 
per coil (five or more) are not commonly 
used in the larger turbine generators. 


Types of Windings Tested 


Tests were made on about 15 2-pole tur- 
bine generators with ratings from 10,000 
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Figure 5 (right). 


winding 


to 30,000 kw, both in the manufacturer’s 
plant and in the field. The tests made 
during manufacture took place after all 
the coils were wound and the turn taping 
of the connections was completed, but be- 
fore the connections between groups 
were made. In tests made at this time a 
standardized procedure could be fol- 
lowed, since the type of connection, either 
series or parallel, was immaterial. On 
completed machines in the field the test 
must be made using the machine ter- 
minals, and in these cases either a slight 
modification is made for the parallel type 
of winding or the insulation on a con- 
nection is opened for the series type. 
Figure 4 shows the connection for a 
field test on a parallel winding using only 
the terminals. Electrically this is the 
same as the connection shown in Figure 1, 
the only exception being that physically 
the surge-inducing coils are not diametri- 
cally opposite, as they are in the factory 
test. Figure 5 shows a typical series-type 
winding and the test connection from the 
terminals with which some experimental 
tests were made. It was found, how- 
ever, that the series-type winding could 
not be tested in this manner because the 
testing of coils in two different phases was 
involved, and it was decided that when it 
was necessary to test these machines in the 
field, the insulation on the connection be- 
tween the poles of any phase could be 
opened at some convenient location, thus 
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Actual positions of the surge-inducing coils in 
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Experimental surge-induction test on 2-pole series 


permitting the connection shown in Fig- 
tired 

Some of the field tests were made with 
the rotor in place. When this was done 
the surge-inducing coils were worked into 
position using the air-gap space. This 
method proved satisfactory, but two 
limitations were found: first, the severe 
space restrictions made it physically 
dificult to properly position the surge- 
inducing coils, and, second, the degree of 
electrical coupling was not consistent be- 
cause the inducing coils sagged away 
from the stator in the upper half of the 
bore. 

For other than 2-pole designs, addi- 
tional connections between phase groups 
will have to be bared so that two coils of 
groups in the same phase can be com- 
pared. One machine of this type has 
been tested, but it is believed that only in 
rare instances will it be necessary to prove 
the turn insulation on other than 2-pole 
machines. 


Results of Tests 


Photographs were made of the oscil- 
loscope traces observed during a typical 
test. The machine tested was of the 3- 
phase 2-pole design with 42 slots, giving 
seven coils per pole per phase. Figure 6 
shows two superimposed traces when the 
surge-inducing coils were over the center 
coils of the two groups being compared 
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with no faults in either group. The two 
traces are aligned closely, indicating that 
this condition (no faults) exists. Figure 
7 shows the trace when the surge-induc- 
ing coils were in the position identical to 
that in Figure 6, but with an artificial 
turn-to-turn short circuit wired on the 
connection of the coil directly under the 
surge-inducing coil in one group. Com- 
parison of Figures 6 and 7 indicates the 
degree of response the test has, and the 
corresponding reliability of indication. 
It has been found that even an arcing 
short circuit between turns produces the 
same noticeable difference between traces, 
although the difference exists only for the 
duration of the are. 

Figure 8 shows the trace observed 
when the surge-inducing coils are over the 
stator coils immediately adjacent to the 
coil with an artificial short circuit between 
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Figure 6. Oscilloscope trace of induced 
voltage across winding—no faults 
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Figure 7. Oscilloscope trace of induced 

voltage across winding—1-turn fault—surge- 

inducing coil over short-circuited coil in 
winding 


turns, in other words, the trace when a 
faulty coil is being approached but is still 
one slot away. Some slight dissymmetry 
can be noted, but it is of insufficient mag- 
nitude to be conclusive. To test a wind- 
ing adequately, therefore, the surge- 
inducing coils must be placed over every 
stator coil and the traces observed. 

A slight variation in traces also can be 
produced by minor differences in the 
degree of coupling between the two surge- 
inducing coils and their respective stator 
coils. When this occurs it frequently is 
found that the end turns of one of the 
surge-inducing coils has fallen away from 
the end turn of the stator coil under test. 
This indicates that even under the best 
conditions, the flux produced by the end 
turns of the surge-inducing coil con- 
tributes little to the voltage induced in 
the stator coil. 

The amplitude of the trace on the 
oscilloscope screen is an indication of the 
total voltage induced in the group in 
which the stator coil being tested is 
located. This can be calculated if the 
voltage per-unit deflection of the oscillo- 
scope tube is known. A variation in this 
voltage is noted as the test proceeds from 
one coil to another within the group. 
When the machine mentioned previously 
was tested, this voltage was between 
1,860 and 2,360 volts, with an output of 
10,000 volts from the tester. It is thought 
that this variation is caused by differences 
in coupling and the change in the im- 
pedance to ground as the progression 
from one coil to another is made within 
the group. 

Studies were made of the distribution 
of voltage within the phase group. In 
all cases it was found that this distribu- 
tion, if plotted for the various coils in the 


Figure 8. Oscilloscope trace of induced 

voltage across winding—1-turn fault—surge- 

inducing coil one slot away from  short- 
circuited coil in winding 


group, would produce a bell-shaped curve 
with a sharp peak for the stator coil 
under the surge-inducing coil and falling 
off rapidly on both sides. This indicates 
that by far the greatest proportion of the 
total voltage shown on the oscilloscope 
for the entire phase group is in the single 
coil of that group under test. A favorable 
condition therefore exists in which the 
available flux is concentrated sufficiently 
so that maximum stress can be placed on 
the insulation between turns of a single 
stator coil. 


Limitations 


The surge-comparison tester has several 
limitations which restrict the amount of 
voltage that can be induced in a coil in 
the winding. The first limitation is a 
series resistor in the load circuit, which is 
necessary to protect the main discharge 
tube. This resistance should be 100 
ohms, and as the top voltage output is 
10,000 volts, this only allows for a maxi- 
mum current of 100 amperes. Using a 
one-turn surge coil the voltage drop 
across this resistance is a large portion of 
the voltage output of the test; however, 
with two or more turns the voltage drop is 
only a small proportion of the output 
voltage. A higher voltage output in 
conjunction with a tube capable of with- 
standing this higher voltage and passing 
larger amounts of current is definitely 
needed. 

An inherent limit to the voltage which 
can be induced by a test of this kind is 
the coupling possible between surge- 
inducing coil and the coil under test. It 
is possible to couple closely only that half 
of the coil under test which lies in the top 
of the slot. Results indicate that only 


about 25 per cent of the voltage from 
the surge-inducing coil is induced in the 
coil under test. The effect of the loose 
coupling in the ends of the surge coils that 
extend beyond the core of the machine 
also reduces the voltage capable of being 
induced. From present indications, the 
ends of the surge coils induce very little 
voltage in the coil under test. Another 
limitation in the present equipment is the 
synchronous reversing switch. It is not 
capable of switching very large currents, 
so some other means would be needed 
successfully to reverse the larger currents 
needed to induce higher voltages and 
still keep the tester relatively portable. 
The simplicity and the applicability of 
the surge-inducing test method leave 
little to be desired. However, to provide 
new test equipment capable of inducing 
the voltage desired in testing turn in- 
sulation, new discharge tubes and a 
novel method of reversing the discharge 
currents have been used in an ‘‘experi- 
mental” model. It is very possible that a 
high-power surge-comparison tester can 
be developed which will increase the 
amount of voltage capable of being in- 
duced by means of surge-inducing coils. 


Conclusions 


1. The surge-induction testing of turn in- 
sulation on completed half-coil-type wind- 
ings is the only known method of stressing 
the turn insulation above operating stress 
and detecting and locating turn-insulation 
faults. 

2. The test method used can be applied 
conveniently to test multiturn coils in 
wound stators of any type of winding with- 
out removing any coil insulation. The coil 
containing the short circuit can be located 
readily. 

3. It is possible to test machines in the 
field with the rotor in place. 

4. The desirability of test equipment which 
will produce even greater voltage stress on 
the turn insulation using the same method of 
testing has been recognized. Work on an 
experimental model of such a tester is under 
way and preliminary results are encouraging. 
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Discussion 


H. A. P. Langstaff (West Penn Power 
Company, Pittsburgh, Pa.): A turn-to-turn 
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‘insulation failure occurred in a 27-year-old 


85,300-kva, 12,000-volt, 1,800-rpm_ gen- 
erator in the Springdale Station of the West 
Penn Power Company on December 27, 
1950. See Figure 1 (left) of the discussion. 


This is a 1,700-ampere 85 per cent power 
factor generator with 250-volt, 460-ampere 
field. The unit had been operating most of 
the time at 97 per cent power factor and 
2,250 amperes, an overload of 32 per cent. 


Sexton, Alke—Detection of Turn-to-Turn Faults 273 


One stator coil failed beyond the slot and an 
arc flashed to the end finger plates on both 
sides of the coil. No iron was burned. 
The burning insulation and cording was ex- 
tinguished with pyrene. This one coil blew 
out its insulation near both the extreme ends, 
as shown in Figure 1 of the discussion. 
Over-all differential protection functioned 
correctly, disconnecting the generator and 
its transformer from the 132-kv, 11-kv, and 
2.3-kv buses and auxiliary system—drop- 
ping about 100,000 kva in capacity with no 
loss of load or system disturbance. 

For about two years it had been known 
that the stator insulation was very brittle 
and all new facilities were ordered one year 
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Figure 1. Insula- 
tion failure in a 27- 
year-old 35,000- 


kva, 12,000-volt, 
1,800-rpm generator 


ago to rewind the stator completely with 
thermalastic insulated coils and other 
modern design features. All facilities were 
completed and partly shipped when the 
failure occurred. The unit is scheduled to be 
back in service in about 13 weeks, with an 
estimated total expenditure of $330,000. 

When the pressure on the stator lamina- 
tions was released by removing the through 
bolts, a serious unexpected condition was 
found. The 1936 flood caused the water 
level in the Springdale turbine room to rise 
to with 1/4 inch of the bottom of the stator 
slots. 

Moisture penetrated the space _ be- 
tween laminations and caused rusting and 
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deterioration of the insulating varnish and’ 
paper. Numerous hot spots existed through- 
out the laminations. The steel was almost 
welded together in places adjacent to the 
coils and elsewhere. This necessitated re- 
moval and reconditioning of the entire 
stator core. The single coil failure occurred 
at about the 10:30 o’clock position on in- 
board end of stator. It is peculiar that the 
failure occurred well above any high water 
level and at a point beyond the stator core. 
In places, the laminations adjacent to the 
coils were almost welded together. 


R. M. Sexton and R. J. Alke: Mr. Lang- 
staff’s discussion points out how critical 
turn-to-turn faults can be on an important 
unit of a power-generating system. In 
many respects, this type of fault is more 
serious than a failure to ground, because pro- 
tective equipment does not isolate the fault 
and it usually must work its way to ground 
before the protective devices function. 
The subsequent burning in such cases can 
damage severely both the copper in the coil 
and the iron in the core. Fortunately, in 
this case the fault was sufficiently outside 
the slot so that the iron was not burned. It 
is thought that the surge-induction test, if 
applied at scheduled shutdowns, might de- 
tect and locate weak turn insulation, ena- 
bling repairs to be made at the time of the 
normal outage, 


‘ 
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Relay Protection of A-C Generators 


AIEE COMMITTEE REPORT 


HE Project Committee on Generator 
Protection of the AIEE Relay Com- 
mittee (Power Group) has reviewed a-c 
generator relay protection practices and 
presents its findings in this report. The 
latest developments in generator relay 
applications are discussed and preferred 
practices, based on information received 
from 25 operating organizations, are out- 
lined. 

A paper on “Protection of Electrical 
Apparatus, Recommended Practice’! con- 
tained a section on a-c generators in which 
those methods of protection considered 
good practice in the United States at that 
time were outlined. Since then develop- 
ments in high-pressure steam turbine de- 
sign have resulted in the manufacture of 
3,600-rpm turbogenerators in very large 
sizes, hydrogen has come into general use 
as a cooling medium, and there is a greater 
tendency to operate generators and asso- 
ciated step-up transformers as units. 

New problems in protection have arisen 
with the installation of the new machines; 
new protective devices have been de- 
veloped; older protective relays have 
been improved; and opinions of relay 
engineers have been influenced by the 
need for providing adequate and reliable 
protection economically. It was felt that 
sufficient time has elapsed and enough 
progress has been made to warrant a re- 
view of those methods of generator pro- 
tection which are in general favor and are 
considered good practice at the present 
time. 

Copies of a questionnaire were sent to 
individuals representing public utility 
operating companies, engineering service 
organizations, and industries in the 
United States and Canada; answers were 
received from 25 operating organizations 
(see Table 1). The transmittal letter em- 
phasized the distinction between existing 
practices and preferred practices and 
specifically requested that the question- 
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naire be answered from the viewpoint of 
protection that would be used in designing 
a new generating station today. It may 
be assumed therefore that the statements 
contained in this report reflect the opin- 
ions of those engineers engaged directly in 
the study of the protective problems as- 
sociated with large a-c generators. 

Unless otherwise noted, the discussion 
refers to 3-phase machines in the 11- to 
15-kv voltage range, rated 10,000 kva and 
above. It must be recognized that the 
recommendations listed in the following 
paragraphs apply to general cases and 
that special conditions will arise where 
deviation is necessary. The protection 
recommended for machines rated 10,000 
kva and above may be applied also to 
generators of lower rating where operat- 
ing conditions or economic considerations 
warrant. Onsome of the protective prob- 
lems opinion is quite diverse and general 
discussions of the surrounding factors are 
given rather than definite recommenda- 
tions. 

The problem of generator protection 
may be divided into a number of parts, 
each of which is discussed under its own 
heading. 


Protection of Stator 
FAULTS INVOLVING STATOR WINDING 


Faults involving the stator winding 
may be classified as phase-to-phase short 
circuits; phase-to-ground short circuits; 
short circuits between turns; and open 
circuits in windings. 

Stator winding insulation failure may 
be caused by overvoltage, reduced dielec- 
tric strength, or a combination of both. 
Overvoltage may be caused by switch- 
ing transients, lightning, or a combination 
of overspeed and sudden loss of load such 
as may occur in the case of hydro units 
when a transmission line tripping takes 
place. Reduced dielectric strength re- 
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sults from aging, baking of the insulation, 
accumulation of dirt, corona, moisture, 
rough treatment, or foreign material bor- 
ing into the insulation. Ifa failure of the 
winding insulation can be cleared before 
the laminations are damaged, repairs can 
be confined to the replacement of the 
damaged coils, but if the iron is seriously 
burned, partial or complete restacking of 
the laminations is required. Winding 
faults should be cleared also before there 
is an opportunity for a general fire to de- 
velop in the stator assembly. 

In general differential protection is 
recommended for a-c generators. 


Phase-to-Phase Short Circuits. Dif- 
ferentially connected current relays are 
used to protect individually each phase 
winding of a generator. Current differ- 
ential relays may be plain overcurrent re- 
lays with or without time delay, or they 
may be of the percentage type with either 
linear or variable restraint. To permit 
maximum sensitivity for differential re- 
lays, identical current transformers should 
be used at both ends of each phase, but 
even when this is done, the sensitivity of 
plain overcurrent relays is limited in 
order to prevent false tripping on heavy 
through-faults. For a number of years 
percentage differential relays with linear 
restraint have been used generally. Most 
of these relays pick up when the differen- 
tial current in the secondary circuit ex- 
ceeds 0.1 ampere without restraint and 
operate on a 10 per cent slope. The time 
delay for appreciable amounts of fault 
current is on the order of from three to 
five cycles on a 60-cycle basis. Where 
identical current transformers cannot be 
used, or where several sets of current 
transformers must be paralleled to give 
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the total output of the generator, per- 
centage differential relays working on a 
variable slope utilizing either summation 
or product restraint may be required. 
High-speed differential relays of the latter 
types, capable of operating in one cycle, 
have been developed in recent years, and 
because of their decreased sensitivity on 
severe external faults there is no danger 
of incorrect operation. It is advantageous 
to use these relays even when current 
transformers of the same type are in- 
volved. It is desirable to have no other 
burden except the differential relays on 
the current transformers supplying them; 
if it becomes necessary to include some 
additional burden in these circuits, the 
burden should be kept to a minimum. 
However, if the current transformers 
have other devices besides protective re- 
lays as a burden, the use of variable per- 
centage relays is preferred, since the latter 
are less susceptible to misoperation due to 
burden than fixed percentage relays. 

It is recommended that ground relays 
be used in addition to differential relays 
when a generator neutral is grounded 
through impedance that limits the fault 
current to a value below that to which 
differential relays can respond. 


Phase-to-Ground Short Circuits. High- 
voltage generators usually are Y-con- 
nected and may have their neutrals 
solidly grounded, grounded through a low 
impedance, a high impedance, or may be 
isolated from ground. Asarule, some im- 
pedance is required in the generator neu- 
tral connection to ground so that the 
magnitude of a single phase-to-ground 
fault will not exceed the 3-phase short- 
circuit current; present standards do not 
require the generator windings to with- 
stand fault currents greater than the 3- 
phase value. The effectiveness of dif- 
ferential relays in recognizing ground 
faults depends upon the available ground 
current. When the latter is high, as is 
the case when low impedance grounding is 
used, differential relays will respond to 
ground faults on all but a small percent- 
age of the windings near the neutral. As 
the impedance in the neutral circuit is in- 
creased, differential relays protect a pro- 
gressively smaller percentage of the wind- 
ings until they are of no further use for 
recognizing ground faults. If full ad- 
vantage of differential protection is to 
be obtained, it may be desirable to 
ground the neutral of the generator 
in question, to operate it in parallel with 
another machine whose neutral is 
grounded, or to establish the neutral by 
means of a separate grounding trans- 
former so that ground current on the order 
of full load currgnt will be available. In 
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unit-type installations the generator neu- 
tral may be grounded through high re- 
sistance or the equivalent consisting of a 
distribution transformer with a resistor 
connected across its secondary terminals. 
As differential relays are not effective 
when the generator neutral is grounded 
through high impedance, an additional 
relay is needed to detect ground faults by 
responding to current flow through the 
neutral circuit. Y-connected generators 
which have only a single neutral connec- 
tion brought out can be protected against 
ground faults by comparing the residual 
current in the phase leads with the cur- 
rent in the ground connection. 


Short Circuits Between Turns. Although 
differential relays will recognize phase-to- 
phase faults at almost any place where 
they may occur, they will not recognize 
faults between turns of the same phase. 
Various schemes have been used or pro- 
posed in the past for protecting against 
this type of fault, but they usually have 
required bringing out additional terminals 
from the machine. Because of physical 
restrictions and the general use of hydro- 
gen cooling on modern large high-voltage 
steam-driven generators, it is not prac- 
tical to bring out additional terminals 
from the windings for the purpose of in- 
stalling current balance schemes to de- 
tect faults between turns; furthermore, 
generators of this type usually have 
single-turn coils so that faults between 
turns cannot occur without involving 
ground, and on this basis protection 
against faults between turns generally is 
not provided. Split-phase protection, 
however, has been used extensively for 
large water-wheel generators. 


Open Circuits in Windings. An open 
circuit in the windings of a modern gen- 
erator is not likely because of the physical 


size of the conductors, and special pro- 
tection against it is not provided as a rule 
on high-speed machines. Differential 
protection usually is installed on gen- 
erators rated in excess of 5,000 kva and 
operating at 2,300 volts or above, but 
also may be used on machines as small as 
1,000 kva. 

It is recommended that the zone pro- 
tected by differential relays include the 
generator leads and extend to the far side 
of the main circuit breaker. 

Including within the zone of the dif- 
ferential relays the conductors which 
extend from the main terminals of the 
generator to the far side of the main cir- 
cuit breaker furnishes a simple method 
of providing sensitive and fast protection 
for the generator leads without the need 
for providing additional relay equipment. 

It is recommended that generator dif- 
ferential and ground relays trip simul- 
taneously the main generator circuit 
breaker, the field circuit breaker, and the 
neutral circuit breaker. 

When a fault occurs in the windings 
of a generator, the circuit breakers which 
connect it to the system, the main field 
circuit breaker and the circuit breaker in 
the neutral (if an adequate neutral circuit 
breaker is installed), should be tripped 
immediately. In the past, the field circuit 
breaker frequently was interlocked with 
the main circuit breaker so that the field 
circuit breaker did not open until the main 
circuit breaker first had opened. This 
practice seems to have developed when 
adequate hand-reset auxiliary relays were 
not available, and the intention was to 
avoid the possibility of the field circuit 
breaker tripping and the main circuit 
breaker remaining closed. Present-day 
practice trips the main circuit breaker and 
the field circuit breaker simultaneously. 
To minimize burning of the stator iron in 
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case of a ground fault, the neutral circuit 
breaker should be tripped in order to 
interrupt the fault current that would 
otherwise flow while the flux in the main 
field is decaying. 

There is some difference of opinion as to 
whether the neutral circuit breaker should 
be tripped simultaneously with the main 
cireuit breaker and the field circuit 
breaker or whether this tripping should 
be delayed until the other two have 
opened. If the generator is protected 
against switching surges, there appears to 
be little reason to require that the main 
circuit breaker be opened first. Even 
without such protection, many un- 
grounded generators are switched without 
apparent harm. From the standpoint 
of obtaining maximum over-all speed of 
clearing, all three circuit breakers should 
be tripped simultaneously, but there is a 
possibility of transient voltage stresses 
developing in the machine if the neutral 
circuit breaker should open a little before 
the others. In addition to tripping the 
generator circuit breakers, differential re- 
lays frequently are arranged to shut down 
the prime mover, operate fire-extinguish- 
ing equipment, and actuate various 
alarms and signals. 


OVERHEATING OF THE STATOR 


Overheating of the stator may be 
caused by overcurrent; short-circuited 
laminations; and failure in the cooling 
system. It is recommended that tem- 
perature indicators or recorders ar- 
ranged to operate an alarm be used to 
recognize overheating of the stator. 


Overcurrent. Overheating of the stator 
caused by the cumulative effects of over- 
current cannot be recognized by ordinary 
short time-delay overcurrent relays. Tem- 
perature indicators or recorders operated 
from embedded resistance detectors or 
thermocouples often are used to check 
stator temperatures; temperature re- 
corders frequently are equipped to oper- 
ate an alarm when the temperature ex- 
ceeds a safe value. Large generators that 
are attended usually are not tripped auto- 
matically by temperature devices. A 
sufficient number of embedded tempera- 
ture detectors is installed at representa- 
tive points in the windings to obtain an 
adequate indication of temperature con- 
ditions in the stator. Where complete 
attendance is not provided, thermal or 
replica-type relays may be used for de- 
termining machine temperatures and may 
be arranged for automatic tripping where 
required. 


Short-Circuited Laminations. Heating 
of the stator also may be caused by failure 
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of core bolt insulation, where core bolts 
are used to assist in holding the lamina- 
tions together, or by local heating in the 
core caused by uneven enameling of some 
of the punchings. Such localized heating 
may not cause sufficient rise in tempera- 
ture in the area where the embedded tem- 
perature detectors are located as to be 
recognized, and consequently these de- 
tectors cannot be depended upon for an 
indication of this condition. If the 
lamination enamel should fail in the teeth 
near the detectors, considerably higher 
temperatures undoubtedly would be ob- 
served. There have been a number of 
cases where failure of insulation between 
laminations caused the generator iron to 
be melted away and resulted in complete 
failure of the generators. 


Failure in the Cooling System. Over- 
heating of a machine may result from 
some failure in the cooling system caused 
by accumulation of dirt or other obstruc- 
tions in the ventilating passages, blocking 
of the air intake by closed louvers, blocked 
screens, or ice formation, or by failure of 
the cooling water supply in closed air or 
hydrogen systems. Any failure in the 
cooling system can be recognized by com- 
paring the temperature of the air or 
hydrogen leaving the machine with the 
temperature which has been established 
as the maximum safe value. Thermom- 
eters or temperature-detecting devices 
should be located in both the intake and 
exhaust air (or hydrogen) streams. In 
some cases, these temperatures are re- 
corded on the same chart with the tem- 
peratures indicated by the detectors em- 
bedded in the stator. 


Protection of Rotor (Field) 


TROUBLES IN GENERATOR ROTORS 


Troubles in generator rotors may be 
classified as short circuits in rotor wind- 
ings; open circuits in rotor windings; 
grounds on the field circuit; and over- 
heating. In general, tripping protection 
for the rotor is not recommended. 


Short Circuits in Rotor Windings. 
Short circuits in rotor windings cannot be 
recognized by overcurrent relays in the 
field circuit if only a few turns are in- 
volved or if one pole of a slow-speed gen- 
erator is short-circuited. Furthermore, 
it is highly desirable for field circuits not 
to be opened during system disturbances 
when high currents may be induced in the 
field circuit. For this reason, overcurrent 
protection usually is not considered for 
field circuits. If the windings on one pole 
of a generator should become short-cir- 
cuited, the resulting unbalanced magnetic 
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conditions would produce mechanical 
stresses and vibrations. If vibration is 
sufficient, the condition can be recog- 
nized by vibration-detecting equipment 
arranged to operate an alarm. The ef- 
fects of short-circuited windings are more 
evident for generators with small num- 
bers of poles. 


Open Circuits in Rotor Windings. Open 
circuits in rotor windings may occur on 
any type of generator, but experience has 
shown that they are more likely to occur 
on the slower speed salient pole alter- 
nators. Aside from the possibility of high 
potential and burning at the point of 
fault, an open-circuited field causes loss of 
excitation, which is discussed in more de- 
tail under this heading. 


Grounds on the Field Circuit. A ground 
on the field circuit is not serious in itself, 
but it indicates the presence of weakened 
insulation or mechanical failure, and seri- 
ous damage may result if a second ground 
should occur. A simple form of ground 
indication consists of two lamps in series 
connected across the rotor winding with 
their mid-point grounded. This scheme 
of ground detection gives a positive in- 
dication only for faults near the ter- 
minals of the field winding. More sensi- 
tive ground indication can be obtained by 
replacing the lamps with resistors and 
connecting the mid-point to ground 
through a sensitive relay. Complete 
coverage can be obtained in all cases by 
the use of a separate a-c supply with a 
low-voltage transformer. One terminal 
of the transformer secondary winding is 
connected to the field winding, while the 
other terminal is connected to ground 
through a sensitive relay. 


Overheating. Overheating of the rotor 
may be caused by excess rotor current; 
failure in the ventilating system; and 
single-phase or unbalanced current opera- 
tion. 

Although overheating of the rotor may 
be caused by excess field current such as 
might result from failure of a rheostat or 
voltage regulator, opinion favors the 
omission of overcurrent protection in field 
circuits in order to avoid any misopera- 
tion during system disturbances when 
high transient currents may be induced in 
the field. Although a slight rise in tem- 
perature might be detected in the ventilat- 
ing medium, it is doubtful if this rise can 
be depended upon to call attention to 
overheating of the rotor. 

Overheating of the rotor caused by 
failure of the ventilating system will be 
indicated by the temperature-detecting 
equipment associated with the stator 
and the cooling system. 
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Single-phase or unbalanced current 
operation will cause local heating in the 
pole faces of the rotor and severe vibra- 
tion will be imparted to the machine 
foundation. Protection against un- 
balanced current operation normally is 
not provided for attended machines, de- 
pendence being placed upon the indica- 
tions of the phase ammeters and the 
presence of vibration to disclose this con- 
dition. 


Miscellaneous Protection 


Motoring 


Generators driven by steam turbines 
which do not have other provision against 
being operated from the electrical end 
with insufficient steam to prevent over- 
heating of the turbine may be equipped 
with sensitive power directional relays. 
These may be arranged to give an alarm 
immediately when power flows from the 
bus back toward the generator and to 
trip if the power reversal persists long 
enough to cause damage to the turbine 
from overheating. Very sensitive power 
directional relays developing maximum 
torque at unity power factor have been 
used for this application. Generally a 
minimum time delay of one minute will be 
permissible between the time when the 
power reversal starts and tripping should 
occur. After an alarm is given, tripping 
may be left to the discretion of an oper- 
ator. The time-delay feature prevents 
tripping of the generator circuit breaker 
on power surges caused by synchronizing 
or system disturbances. 


Loss-of-Field or Weak Field 


When the field excitation on a loaded 
generator is lost, the magnetic coupling 
between the rotor and the stator may be 
so weakened that the rotor advances and 
after a short period pulls out of synchro- 
nism with the system. Continued opera- 
tion without excitation has harmful ef- 
fects on both the generator and the sys- 
tem. An alternator running as an induc- 
tion generator will have heavy currents 
circulating in the face of the rotor, par- 
ticularly toward the ends, and these may 
cause injurious heating in local areas and 
arcing at metal wedges in the slots. In- 
duced voltage or current will appear in 
the field winding, depending upon whether 
it is open-circuited or short-circuited, 
For complete loss-of-field on a large 
generator on most systems not equipped 
with automatic generator voltage reg- 
ulators, seriously low system voltages 
may be reached in not more than 10 to 15 
seconds and in some cases in as short a 
time as one second when the generator 
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represents a relatively large part of the 
total system generation. 

Loss-of-field protection has been de- 
veloped for protecting generators against 
partial as well as complete loss-of-field. 
Time delay should be provided either in- 
herently or by means of an auxiliary time- 
delay relay to prevent false tripping on 
momentary surges. If loss-of-field pro- 
tection is intended primarily to protect 
the system rather than the generator, an 
undervoltage relay may be incorporated 
in the scheme to supervise tripping, but 
it may be difficult to select a setting that 
will safeguard the system and simultane- 
ously protect the individual generator 
against damage. The need for loss-of- 
field protection applies to those systems 
where one or more of the following con- 
ditions exist: (1) most of the generators 
are not equipped with automatic voltage 
regulators, (2) one generator represents a 
fairly large portion of the total generation, 
and (3) the generators are loosely linked 
electrically. Every effort should be made 
to prevent loss-of-field by accidental 
opening of the field circuit breaker such as 
providing a control switch interlock to 
prevent the field circuit breaker from 
being opened while the main circuit 
breaker is closed. If an alert operator is 
in attendance at all times, loss-of-field 
protection may not be considered neces- 
sary. 


Out-of-Step Operation 


A generator when running out-of-step is 
subject to a succession of severe impacts 
whose cumulative effect may cause dam- 
age to the shaft, coupling, or stator 
mounting. Relays have been developed 
to recognize out-of-step conditions. 


Overvoltage 


Overvoltage protection is recommended 
for hydroelectric generators which are 
subject to overspeed and accompanying 
overvoltage upon loss of load. 

Overvoltage also may result from 
trouble on automatic voltage regulators. 

Overvoltage relays may be arranged to 
insert resistance in the exciter or gen- 
erator field circuit, to operate an alarm, 
or to shut down the generator, depending 
upon local requirements. 


Overspeed 


Generators driven by prime movers 
which can reach dangerous overspeeds 
under abnormal operating conditions 
should be equipped with overspeed pro- 
tection. This may be incorporated in the 
governing system of the prime mover, or 
centrifugal devices may be used. In the 
absence of mechanical overspeed devices 
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frequency relays may be used, Large 
steam turbines have their safety over- 
speed governors adjusted to trip the 
throttle when the speed increases to ten 
per cent above normal. Water-wheel- 
driven generators may reach speeds of 
220 per cent of their normal rating. 


Single-Phase Operation 


Single-phase operation of a polyphase 
machine will cause local heating in the 
pole faces of the rotor and the amortisseur 
windings, if used; also, severe vibration 
will be imparted to the stator and its 
foundation. Machines designed for 
single-phase operation are equipped with 
especially heavy amortisseur windings and 
spring mounting for the stator assembly. 
Protection against single-phase operation 
ordinarily is not provided for attended 
machines, dependence being placed upon 
the indications of the phase ammeters and 
the presence of vibration to reveal this 
condition. Single-phase operation can 
be recognized electrically by comparing 
the magnitude of the currents of each 
phase with current balance relays. Single- 
phase operation also can be recognized by 
relays responding to negative-phase se- 
quence currents, but either type of relay 
must have time delay to prevent false 
operation on external phase-to-phase 
short-circuit currents or transient un- 
balanced loads. 


Vibration 

Vibration may be caused by single- 
phase or unbalanced current operation; 
magnetic unbalance in the rotor; and 
mechanical unbalance in the rotor. 

Excessive vibration can be recognized 
by any one of several different types of 
vibration-detecting equipment, which 
may be associated with the generator as- 
sembly or may be incorporated in the 
prime mover. 


Failure of the Cooling System 


Heat losses in the generator stator and 
rotor are carried off by the circulation of 
cooling air or hydrogen through the 
machine, which in closed systems is cooled 
in turn by passing through a suitable heat 
exchanger. Provision may be made to 
detect the presence of water in such a 
cooling system. Where air is taken from 
the outside, it may be desirable or neces- 
sary under certain conditions to avoid 
changes in load that may result in con- 
densation in the machine when humidity 
ishigh. Any failure of the cooling system 
will become manifest by a rise in stator 
temperature. Methods for detecting this 
are described under the heading “‘Protec- 
tion of Stator,’’ Heat developed in the 
bearings of large machines is carried from 
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the bearings by the lubricating oil, which 
in turn is cooled by a suitable heat ex- 
changer. In attended installations bear- 
ing temperature is indicated by thermom- 
eters, but in unattended installations 
bearing temperature relays should be in- 
stalled to shut down the machine if over- 
heating should develop in any of the 
bearitigs. 


Failure of Bearing Insulation 


To avoid circulating induced currents 
through the bearings and damage which 
can be caused by them, insulation is pro- 
vided between the bedplate and the main 
outboard bearing of large horizontal 
machines. Where failure of this insulation 
has occurred or has been short-circuited 
by protective guards or railings, serious 
bearing damage has resulted. Bearing- 
pedestal insulation failure can be detected 
by an overcurrent relay having one ter- 
minal connected to the bearing pedestal 
and the other to an insulated brush mak- 
ing contact with the generator shaft. 
The oil film in the bearing prevents the 
relay coil from being short-circuited. 


Fire 

Protection against generator fires has 
been provided by fire-extinguishing equip- 
ment arranged to release water or carbon 
dioxide into the windings. As the unin- 
tentional release of water into the machine 
presents considerable hazard, special pre- 
cautions are taken when such a system is 
used. Carbon dioxide does not add to the 
damage caused by a fire, and its release 
may be under the control of the differen- 
tial and ground relays. In hydrogen- 
cooled machines, combustion will not be 
supported by the hydrogen atmosphere, 
so that fire-extinguishing facilities may 
not be considered necessary. Hydrogen 
contaminated with air forms an explosive 
mixture, but the outside shells of hydro- 
gen-cooled machines are designed to with- 
stand an explosion of the maximum in- 
tensity that can occur. The hydrogen 
cooling system is arranged to detect the 
presence of contaminating air, water, or 
oil. 


Backup Protection 


In principle backup protection is rec- 
ommended. 

Backup relays may be considered as 
any relays which will clear a faulted piece 
of equipment in the event that the pro- 
tective equipment which would normally 
clear the fault fails to operate. Backup 
protection associated with generators may 
operate to clear the various sources that 
would feed back into a generator fault if 
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the primary generator protection is in- 
operative for any reason, or it may operate 
to trip the generator in case the first line 
of defense on an outgoing line, trans- 
former, or bus fails to clear the faulted 
equipment. As a _ general principle, 
backup protection will be less sensitive, 
will take more time to operate, and may 
operate to disconnect more equipment 
than is involved in the original failure. 
Because of the big investment in large, 
modern generators, much thought has 
been given to the problem of providing 
backup protection. 

Generators have been included within 
the backup protection of the busses to 
which they are connected or within the 
differential protection of associated trans- 
formers in unit designs. Time-delay over- 
current relays on transformers and tie 
lines also may be depended upon to act 
in a backup capacity for clearing severe 
faults. What is considered to be suit- 
able backup protection is largely a matter 
of opinion, and the scheme that is used for 
a particular installation will be influenced 
by past experience, individual preferences, 
and what expenditures can be made. 
For these reasons no attempt can be made 
to make any specific recommendations on 
the use of backup protection for gen- 
erators. 


Recommendations 


After analyzing the information col- 
lected, the project committee makes the 
following recommendations, which are in- 
tended to apply primarily to generators in 
the 11- to 15-kv voltage range, rated 
10,000 kva and above. The recom- 
mended protection may be applied also to 
generators of lower rating where condi- 
tions warrant. 

1. In general differential protection is 
recommended. 

2. Ground relays are recommended to 
supplement differential phase relays when 
the current, available in case of a ground 
fault is insufficient to operate the dif- 
ferential relays. 

3. It is recommended that in so far as 
possible the zone protected by the dif- 
ferential relays include the generator 
leads and extend to the far side of the 
main circuit breaker. 

4. It is recommended that generator 
differential and ground relays trip simul- 
taneously the main generator circuit 
breaker, the field circuit breaker, and the 
neutral circuit breaker (if an adequate 
neutral circuit breaker is installed), 

5. It is recommended that tempera- 
ture indicators or recorders arranged to 
operate an alarm be used to recognize 
overheating of the stator. 
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6. In general tripping protection for 
the rotor is not recommended. 

7. Overvoltage protection is recom- 
mended for hydroelectric generators 
which are subject to overspeed and ac- 
companying overvoltage upon sudden loss 
of load. 

8. Definite recommendations are not 
made regarding protection against mis- 
cellaneous troubles such as motoring, 
loss-of-field, out-of-step operation, single- 
phase operation, vibration, bearing-in- 
sulation failure, fire, and so forth, but 
these items should be considered for each 
installation and the extent of the protec- 
tion determined by the specific require- 
ments in each case. 

9. In principle backup protection is 
recommended. 


Summary of Replies to 
Questionnaires 


GENERATOR CONNECTIONS 


1. How many stator terminals should 
be brought out? Opinion was practically 
unanimous that six terminals should be 
brought out of generators rated 10,000 
kva and above, with the qualification that 
12 terminals may be necessary on the 
largest machines which have double 
windings or where there is a current 
limitation on the bushings. If multiturn 
coils are used, several felt that a mid-tap 
should be brought out from each phase, 
making a total of nine terminals. Opinion 
on the lowest kilovolt-ampere rating for 
which six terminals should be brought out 
was not sharply defined; one reply rec- 
ommended 5,000 kva, two recommended 
2,500 kva, and one recommended 1,000 
kva as the lower limit. Hydrogen cooling 
has tended to keep the number of ter- 
minals down to the minimum consistent 
with adequate relay protection. 

2. Should stator winding be split for 
application of current balance or similar 
protection? Sentiment generally was 
against this feature, particularly for gen- 
erators in the lower ratings. 

3. Which type of stator winding con- 
nection is preferred from the protective 
relay viewpoint? Preference for Y-con- 
nection was unanimous. 

4. Which type of neutral ground con- 
nection is preferred for Y-connected gen- 
erators? Solid grounding of the generator 
neutral was considered desirable by very 
few and in each case only for unit-type 
installations. It generally was recognized 
that sufficient impedance should be con- 
nected in the generator neutral circuit to 
limit single line-to-ground faults to a 
value not greater than the 3-line short- 
circuit current. A low value of resistance 
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was preferred where underground cable 
feeder circuits are supplied at generator 
voltage; low reactance grounding was 
considered acceptable where a nonex- 
tensive cable system was involved. High- 
resistance grounding was considered fea- 
sible in only two replies, one of which con- 
fined its use to unit-type installations. 
High reactance grounding was frowned 
upon unanimously. Distribution trans- 
former grounding was preferred for unit- 
type installations in 70 per cent of the re- 
plies, whereas less than 10 per cent pre- 
ferred potential transformers for this 
application. No one advocated un- 
grounded operation, although generators 
frequently are operated with their neu- 
trals ungrounded when they are con- 
nected at generator voltage to a system 
whose neutral is grounded. 

5. Would it be preferable to obtain a 
ground connection through a Y-delta 
or a zig-zag grounding transformer? With 
one exception all replies indicated a pref- 
erence for grounding generator neutrals 
rather than establishing the ground con- 
nection by means of either a Y-delta or a 
zig-zag grounding transformer. 

6. Should a neutral circuit breaker be 
used? It generally was agreed that a 
neutral circuit breaker should be used 
where generators use a common neutral 
resistor or reactor and connect to a com- 
mon bus. It also was considered desirable 
to use a neutral circuit breaker to limit 
damage to the generator iron in case of 
ground faults when low impedance 
grounding is used. However, for unit in- 
stallations using high-resistance ground- 
ing or the equivalent, generator neutral 
circuit breakers were not considered 
necessary. Although technical opinion 
favors neutral circuit breakers, cost con- 
siderations often have dictated their omis- 
sion. 


GENERAL INFORMATION 


1. What is preferred generator ter- 
minal voltage? Eighty per cent of the re- 
plies indicated a preference for 13.8 kv. 
For very large generators in unit installa- 
tions, several were of the opinion that 
higher generator voltages could be used to 
advantage, but felt that this should be de- 
termined by the generator designers. 

2. Is automatic voltage regulation 
used? Over 90 per cent of the replies 
favored the use of automatic voltage reg- 
ulation. One large utility does not use 
automatic voltage regulators except on 
generators having a low short-circuit 
ratio. 

3. What is the primary consideration 
upon loss-of-field; (a) protection of sys- 
tem, or (b) protection of generator? 
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Ideas varied on this question, with the 
majority feeling that protection of the 
generator was slightly more important. 
However, both objectives would be ac- 
complished by the same protective equip- 
ment, and the comment in one reply de- 
clining to put either one subordinate to 
the other probably would summarize the 
general opinion. 


TRIPPING SEQUENCE OF GENERATOR 
CIRCUIT BREAKERS 


1. When protective relays clear a 
generator from the system, what is the 
relative sequence in which each generator 
circuit breaker and control device operate ; 
(a) main circuit breaker, (b) field circuit 
breaker, (c) neutral circuit breaker, (d) 
main exciter field, (e) annunciator or bell 
alarm, (f) turbine throttle valve, (g) 
fire-extinguishing equipment, (h) field 
discharge resistor switch, (i) other? All 
the devices listed are not tripped by the 
generator protective relays in each case, 
but over 90 per cent of the replies stated 
that the devices designed to be tripped are 
operated simultaneously. The main cir- 
cuit breaker, field circuit breaker, neutral 
circuit breaker (when provided), and an- 
nunciator or alarm are all tripped in each 
case. The main exciter field circuit 
breaker is tripped in about 60 per cent of 
the cases. It appears to have become 
general practice for generator relays to 
trip the throttle valves of steam turbines 
or the gate or governor shutdown sole- 
noids of water-wheel generators; a few, 
however, depend on the overspeed gover- 
nor to disconnect the prime mover. In 
one gas-fired unit installation the solenoid 
valve in the gas line to the boiler also was 
tripped. Fire-extinguishing equipment is 
operated automatically in about 30 per 
cent of the cases. 


STATOR PROTECTION 


1. Phase-to-phase or 3-phase fault. 
Differential protection was preferred by 
all for clearing phase-to-phase or 3-phase 
stator faults; 90 per cent preferred per- 
centage differential relays to differentially 
connected relays without restraint. High- 
speed relays were preferred for generators 
rated at 50,000 kva and above and normal 
speed relays for those under 50,000 kva. 
Eighty-five per cent preferred percentage 
differential relays operating on a 10 per 
cent slope; 2.5 per cent slope was favored 
by one, 25 per cent by three, and 50 per 
cent by two. Several preferred relays 
operating on a nonlinear increasing slope 
or relays using current product restraint. 
Supervision of differential relays by fault 
detectors was considered unnecessary ex- 
cept for certain high-speed relays. 
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Seventy-five per cent were of the opinion 
that current transformers used to supply 
differential relays should be matched and 
that there should be no other burden on 
them, particularly where current trans- 
formers of lower ratio are involved. 
Ninety per cent of the replies indicated 
that differential relays were considered 
adequate to protect the stator against 
phase-to-phase or 3-phase faults; orie 
reply suggested the use of split-phase 
protection where applicable, and one reply 
preferred the substitution of split-phase 
protection for conventional differential 
protection. 

2. Phase-to-ground fault. Agreement 
was general that phase differential relays 
could be depended upon to clear ground 
faults where generators were grounded 
through low impedance, but in unit in- 
stallations where the generator neutrals 
are grounded through high resistance or 
the equivalent, sensitive relays responding 
to current in the generator neutrals also 
are required. Some of the latter relays 
are arranged to give an alarm and trip 
only after considerable time delay. Over 
90 per cent saw no need for differential 
ground relays or directional overcurrent 
relays for supplementing phase differen- 
tial protection. 

3. Short-circuited turns in stator 
winding. Seventy per cent did not be- 
lieve that any special relays should be 
used to detect short-circuited turns. The 
remainder thought that current balance 
or split-phase protection should be used 
on multiturn, multicircuit machines. 
In one reply current balance protection 
was considered only for generators in un- 
attended plants. 

4. Open circuit in stator winding. 
Answers to this question were almost 
identical with those for short-circuited 
turns. ; 

5. Overload. Sixty per cent did not 
believe that overcurrent protection of 
any kind should be used on generators; 
20 per cent did not believe that it should 
be used without voltage restraint; the 
remainder felt that it could be used with 
or without restraint. Because the set- 
tings of overcurrent relays are determined 
by their position in the system no con- 
clusions regarding settings could be 
drawn from the replies. One reply in- 
dicated that frequency relays could be 
used to detect overloading of generators 
under 10,000 kva. One reply considered 
thermal relays arranged to operate only 
an alarm desirable for calling attention to 
generator overloading. 

6. Load unbalance. Except for one 
hydroelectric installation using an in- 
stantaneous current balance relay, no one 
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favored the use of any special relays to de- 
tect load unbalance. 

7. Overheating. Replies show that 
embedded resistance temperature de- 
tectors or thermocouples are used quite 
uniformly to record stator temperatures 
on strip charts. Recorders are arranged 
to give an alarm on high temperature, but 
do not trip. Thermal overcurrent relays 
of the replica type do not conform to pres- 
ent preferred practice for large gener- 
ators. 

8. Backup protection. In general it 
was considered good practice for trans- 
former differential protection to overlap 
the generator differential protection where 
the generator and transformer are com- 
bined in a unit installation; only two 
replies disagreed with this principle. 
Seventy per cent saw no need to provide 
overcurrent backup protection either with 
or without voltage restraint. Of the re- 
mainder, opinion was about evenly 
divided between the use of plain overcur- 
rent relays versus overcurrent relays with 
voltage restraint; one considered an im- 
pedance relay desirable; one uses a 
directional reactance relay; four pre- 
ferred overcurrent relays on the trans- 
formers in unit-type installations. Ap- 
proximately 30 per cent were of the 
opinion that bus differential protection 
should back up the generator protection 
by arranging the zone of the bus protec- 
tion to overlap the zone covered by the 
generator differential relays. Two re- 
plies indicated that bus differential ground 
protection was extended to include gen- 
erators, and one stated that a fault bus 
scheme was used for this purpose. 


ROTOR PROTECTION (FIELD) 


1. Faults not involving ground. With 
one exception overcurrent protection is 
not used for generator fields. Two com- 
panies use vibration-detector relays and 
one a vibration recorder to detect mag- 
netic unbalance such as might be caused 
by a short circuit between turns of the 
field winding; in two companies field- 
winding temperatures are measured by 
rise of resistance; in one a temperature 
recorder equipped with a high-tempera- 
ture alarm is used. 

2. Ground fault protection. Thirty- 
five per cent provide no means for de- 
tecting a grounded field winding; 25 
per cent depend on d-c ground lamps for 
indicating a grounded field; 15 per cent 
use some form of d-c voltmeter scheme; 
13 per cent use both ground lamps and 
voltmeter; 12 per cent use an a-c relay 
with a transformer source. 

3. Open-circuit protection. Sixty per 
cent provide no protection for an open- 
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circuited field; 25 per cent use an under- 
current relay, and the remaining 15 per 
cent depend on special loss-of-field pro- 
tection relays. 

4. Overheating protection. Ninety 
per cent provide no protection against 
overheating of the field windings; two 
companies use thermal overcurrent relays; 
and one uses high-temperature alarm 
contacts on the field-temperature re- 
corder. In each case the alarm is operated 
without tripping. 


MISCELLANEOUS GENERATOR PROTECTION 


1. Loss-of-field. Fifty per cent of the 
replies indicated that no _ protection 
against loss-of-field was used; seven 
companies use directional reactive current 
relays for this purpose; two use under- 
voltage relays; three use undercurrent 
relays; one depends upon the turbine 
overspeed device and voltage-restrained 
overcurrent relays; one provides an inter- 
lock to trip the generator if the field cir- 
cuit breaker opens. 

2. Overvoltage protection. Replies 
indicated that in general overvoltage pro- 
tection, except for that incorporated in 
automatic voltage regulators, is not used 
on steam-driven generators. Water- 
wheel generators are equipped with over- 
voltage relays which may be arranged to 
reduce the field excitation or to trip the 
field circuit breaker. 

3. Protection against motoring. 
Seventy per cent provide no protection 
against generator motoring other than 
that which may be obtained incidentally 
from instruments on the steam turbine. 
Thirty per cent provide sensitive power 
directional relays which give an alarm and 
in several instances trip the generator 
after a time delay varying from 60 to 180 
seconds. 

4. Out-of-step protection. In general 
out-of-step protection is not used on 
steam turbine and water-wheel-driven 
generators.. One reply, however, indi- 
cated that a reactance relay was used for 
this application on generators rated above 
50,000 kva. 

5. Overspeed protection. Steam-tur- 
bine-driven generators are protected 
against overspeed by overspeed safety 
governors on the steam turbine. Sixty- 
five per cent of the replies indicated that 
the safety governor was not arranged to 
trip the generator; five stated that the 
safety governor tripped the generator. 
Four replies, applying to water-wheel- 
driven generators, stated that a centrif- 
ugal switch on the generator shaft was 
used to trip the generator. 

6. Cooling system — supervision. 
Seventy-five per cent do not record rela- 
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tive humidity within generators. Five 
companies record relative humidity where 
generators are air cooled; moisture de- 
tectors are depended on in the case of 
hydrogen-cooled generators. Most large 
generators are equipped with automatic 
recorders for indicating and recording 
ingoing and outgoing cooling-medium 
temperatures. Bearing - temperature 
alarm relays are used by about 50 per 
cent. 

7. Bearing - insulation protection. 
Only two companies use overcurrent re- 
lays to detect failure of bearing-pedestal 
insulation, and this feature is used only on 
machines rated above 50,000 kva. 

8. Vibration protection. Approxi- 
mately 50 per cent of the companies use 
vibration“recorders on large generators 
but do not in general arrange them to 
give an alarm. The remainder indicated 
that no vibration-detection equipment is 
used. 

9. Fire protection. Replies showed 
that in no instance was water released 
automatically for extinguishing generator 
fires. Thirty per cent have the stator 
protective relays arranged to release 
carbon dioxide into air-cooled generators. 
Sixty per cent using hydrogen as a cooling 
medium have provided contamination in- 
dication in the hydrogen cooling system. 
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Discussion 


L. F. Lischer (Commonwealth Edison Com- 
pany, Chicago, Ill.): This committee report 
is concise, yet comprehensive, and it lists 
definite recommendations where possible. 
Such a report is a welcome one to engineers 
concerned with generator protection. The 
practices of the Commonwealth Edison 
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Company agree, in general, with the recom- 
mendations of the committee. I should 
like to elaborate somewhat on the section 
dealing with loss-of-field protection, be- 
cause of its importance, setting forth the 
practice of a utility having a large “solid” or 
low-reactance system. 

Loss-of-field protection is provided for all 
generators rated 100 megawatts or greater 
(there are five such units on the “‘inner’’ sys- 
tem at present). This protection is pri- 
marily for the system and not the machine; 
automatic generator voltage regulators are, 
at present, not in general use, A study had 
shown that during light load conditions, 
loss of field of a large unit could cause a 
reduction in system voltage to 65 per cent of 
normal, thus leading to instability of other 
units. Protection of the machine is second- 
ary in that operators can be trained to 
recognize loss of field and to remove the 
generator manually before it is damaged. 
In certain cases (particularly on smaller, 
older machines) the operator may be able to 
restore the field.? 

For this protection, a directional reactive 
current induction relay is used, and it is set 
to trip at 60 to 80 per cent of rated armature 
current. The trip circuit is supervised by 
an instantaneous phase-to-phase under- 
voltage relay set at 80 to 90 per cent normal 
voltage. An interesting application of the 
mho relay for this purpose may be found in 
the literature.* 

Generators feeding into long high-voltage, 
overhead lines also are protected against 
loss of field. Transient analyses that were 
made in a manner similar to that described 
in the literature’ showed that it would be 
possible for the loss-of-field relay to trip the 
generator on complete loss of field before 
impedance relays would trip intermediate 
lines due to low voltage and heavy reactive 
current, provided that the current setting 
on the directional reactive current relay 
were made sensitive enough. A setting of 
35 to 40 per cent of rated armature current 
is used for this application, together with a 
90 per cent voltage setting. This should 
not result in tripping on power swings caused 
by line faults. 

Loss-of-field relays have operated three 
times in one and one-half years. In one 
instance, an attempt was made in error to 
close the generator to the system while the 
machine was still considerably below system 
frequency, The loss-of-field relay promptly 
tripped the machine. In another case, 
brushes were being changed on an exciter 
when the operator dropped the brush. 
The machine tripped with practically no 
burning at the point of short circuit. In the 
third case, exciters were being paralleled at 
low voltage when exciter instability de- 
veloped, thus decreasing the generator field 
current to the point where the loss-of-field 
relay operated to trip the machine. In 
subsequent discussions these operations 
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were all deemed to be proper, and the trip- 
ping of the machine was considered desir- 
able under the circumstances. 
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J. H. Kinghorn and H. C. Barnes (American 
Gas and Electric Service Corporation, New 
York, N. Y.): It is surprising to find from 
the replies to the questionnaire that only 
three companies qut of 25 make any attempt 
to protect against overheating of field wind- 
ings, in spite of the fact that normal operat- 
ing temperatures often approach closer to 
upper limits for rotor windings than for sta- 
tor windings. When such is the case the 
rotor temperature may reach a dangerous 
value an appreciable time before the stator, 
either in the case of excess field current or 
failure in the ventilating system. 

Field temperature recorders with contacts 
connected to give alarm on high tempera- 
ture have been standard equipment on large 
generators on the American Gas and Elec- 
tric Company System for 25 years. Ap- 
proximately 87 generators, representing 
about 2,000,000-kva capacity, are provided 
with this type of protection. The instru- 
ment is of the field-resistance-measuring 
type, and any small error introduced by 
brush drop is negligible in such application. 
Pilot brushes are used in many cases and 
have given satisfactory performance with 
good temperature accuracy. In other cases 
where main brushes are used, the error is in 
the safe direction, indicating a temperature 
a few degrees higher than that which actu- 
ally exists, 

Aside from their direct protective value 
in detecting field overheating, the recorders 
have been helpful in indicating the existence 
of short-circuited field coils, and in at least 
one case they have furnished the first indica- 
tion of a broken or arcing field connection 
which subsequently welded itself closed. 
They are, of course, also helpful, in the case 
of hydrogen-cooled machines, in determining 
when to increase gas pressure in order to 
keep field temperature below some maximum 
normal operating value. While a complete 
record of experience with these instruments 
is not immediately available, we are thor- 
oughly convinced of their value as a guide to 
safe operation of generators. Despite the 
limitations imposed on committee work, it 
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is suggested that an evaluation of the extent 
of usage of this device in terms of numbers 
of generators, installed kilovolt amperes, or 
recent trends might produce a somewhat 
different picture. 


W. R. Brownlee (Southern Services, Inc., 
Birmingham, Ala.): The Project Committee 
is to be commended on their analysis of the 
survey material and on their application of 
engineering judgment in determining recom- 
mendations. Most types of protection have 
been discussed. However, careful considera- 
tion might well be given to an additional 
type, which might be termed ‘protection 
from protection,” 

Too much relay protection may jeopardize 
the reliability of the power-supply system, 
Adequate design usually will provide for a 
scheduled maintenance outage of a moder- 
ate-size generating unit plus the unsched- 
uled outage of the largest generating unit, 
However, if any of the protective relays on 
other generators are even remotely suscep- 
tible to false operation during a system dis- 
turbance, then an intolerable capacity out- 
age may result. 

Adequate protection of generators is 
justifiable, in spite of the infrequency of 
faults, because of the substantial investment 
involved. However, each component of the 
protective scheme should be serutinized 
thoroughly from the standpoint of risk of 
unnecessary disconnection of generating 
capacity. In terms of this risk, true costs 
of the last eycle of speed may be excessive. 


H, R. Paxson: The members of the Project 
Committee wish to thank those who have 
contributed verbal or written discussions of 
this report. Mr. L. F. Lischer’s discussion 
describing the practice and experience of the 
Commonwealth Edison Company with loss- 
of-field protection supplies valuable addi- 
tional background to this part of the report. 

Messrs. J. H, Kinghorn and H. C. Barnes 
have called attention to the practice of the 
American Gas and Electric Service Corpora- 
tion with respect to the use of field-tempera- 
ture recorders on large generators. Although 
there undoubtedly were good reasons for the 
widespread application described, it is sur- 
prising that with 25 years of experience only 
one instance was mentioned where a field- 
temperature recorder called attention to 
trouble, If it may be inferred that the re- 
corders have seldom operated, it would ap- 
pear that this discussion tends to confirm 
the conclusions of the committee. 

Mr. W. R. Brownlee has added a warning 
against the danger of installing protective 
devices whose misoperation might cause 
more widespread service interruption than 
any of the hazards against which they are 
designed to protect. This is a worth-while 
note of caution from one who has had many 
years of protective relay experience, 
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MEMBER AIEE 


OR maximum efficiency of transmis- 

sion over a line of length, /, attenua- 
tion constant of a nepers per-unit length, 
phase constant of 6 radians per-unit 
length and characteristic impedance of 
|Zo| é°, driven by a constant voltage (zero 
impedance) generator, the magnitude and 
angle of the load impedance should be: 


iz\=(|z | sinh 2a1 cos @— sin2 81 sin 6 
be 0 
sinh 2a1 cos 6+ sin 281 sin 0 


and 


sin 20 (cos 281— cosh 2a1) 
2 V/(sinh2alcos 0)?—(sin 261 sin@)? 


¢= sin7! 


This best load impedance will be the 
characteristic impedance only if it is a 
ptre resistance. For large attenuations 
the most efficient load approaches the 
conjugate of the characteristic impedance. 
The deviation from the characteristic 
impedance, and the consequent improve- 
ment of efficiency, becomes very sub- 
stantial when the line length is less than a 
quarter wavelength, when the attenua- 
tion is low and'when the angle of the char- 
acteristic impedance is large. 

A reasonably careful search of text- 
books and the periodical literature has 
failed to disclose any general analysis of 
the transmission line load impedance 
required for maximum efficiency of 
transmission. The problem may be 
stated more precisely as follows: “Given 
a transmission line of any specified charac- 
teristics, operating at a single frequency 
from a constant voltage generator, what 
load impedance will result in the maxi- 
mum efficiency of power transmission?” 

The reason why this problem seems to 
have been neglected probably is that its 
practical importance has been much lower 
than its theoretical importance. Power 
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transmission engineers are concerned 
primarily with electrically short lines 
which can be studied with adequate ac- 
curacy by means of simple approximately 
equivalent circuits and, furthermore, they 
do not have complete control over a load 
which fluctuates at the whim of the cus- 
tomer. 

On the other hand, communication 
engineers are concerned with  trans- 
mission line performance throughout 
broad bands of frequencies and find it 
preferable to match their load to the char- 
acteristic impedance in order to minimize 
reflections. Certain new transmission 
line applications may increase the prac- 
tical importance of this problem and, 
moreover, its solution should be of in- 
terest as a yardstick for evaluating the 
loss of efficiency resulting from any other 
load impedance, and for testing the ac- 
curacy of approximate methods of anal- 
ysis. 


A General Power Ratio Equation 


For maximum efficiency of transmission 
the ratio of the real power input to output 
must be a minimum. If the load imped- 
ance is |Z/e” and the output current is 
taken as the reference, the real power de- 
livered to the load will be 


W, =1,?|Z| cos ¢ (1) 


in which J, is the rms magnitude of the 
received current. Designating the rms 


Paper 51-44, recommended by the AIEE Basic 
Sciences Committee and approved by the Technical 
Program Committee for presentation at the AIEE 
Winter General Meeting, New York, N. Y., Janu- 
ary 22-26, 1951. Manuscript submitted October 
23, 1950; made available for printing December 4, 
1950. 


S. G. Lutz is Chairman of the Electrical Engineer- 
ing Department of New York University, New 
OCR eI ws 


Lutz—Transmission Line Load Impedance 


in-phase and quadrature components at 
the sending end as 


E,=E;+jE;’ 
and (2) 
Is=I,+jls’ 


the real power supplied to the sending 
end is 


Ws, =Esls +Es'I5’ (3) 


The procedure for deriving an expres- 
sion for the power ratio, W,/W,, will be to 
express J,/J, and #,/I, in terms of the 
long-line equations, split these into their 
real and imaginary parts and form the 
power ratio from equations 1 and 3, The 
long-line equations are: 


(Es/I,)=Z cosh y1+Zp sinh y1 


(1s/I,)= cosh y1+(Z/Z) sinh y1, (4) 
in which the propagation parameter is 
y=atjp (5) 


a being the attenuation in nepers and 6 
the phase parameter in radians, both per- 
unit length of line. The characteristic 
impedance has a magnitude, |Z}, and 
angle, 0. Breaking the terms in the long 
line equations into their real and imagi- 
nary parts, 


i 


=|Z|(cos o+j sin ¢)X 


(cosh al cos 81+ 7 sinh al sin B1)+ 
|Zo|(cos 0+8@ sin @)(sinh al cos B1-+- 


j cosh al sin 81) 


(6) 
Ts Ts! 
otra =(cosh al cos 61+ 
I, 
ras : Ee 
j sinh al sin 81)+ Z (cos + 
~0 


j sin $)(cos @—j sin @)(sinh al X 
cos 61+ 7 cosh al sin 81) 


The expansion of these equations and 
the formation of the power ratio may be 
made less unwieldy by the introduction 
of the following abbreviations: 


A=cosh al E= cosé 
B= sinh al F= sin 0 
C= cos Bl G=tan¢ 
D= sin 1 H=(|Z|/|Zo|) cos ¢ 
(7) 
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Figure 1 (left). 
Maximum _ effi- 


ciency load im- 
pedance _ratio 
and load phase 


we angle for 19- 
gauge cable 
40 
Figure 2 (right). 
oe Comparison of 2 
& N efficiencies with 5 
wooo characteristic im- ~ 
a pedance and 
maximum __ effi- 
10 : 
ciency loads for 
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t) 


LINE LENGTH, MILES 


One thus eventually obtains 


Ws 
W, 


1 : 
= 7 (ABE— oD F)+(A*C?+ B2D?)+ 


(A2D2+ B°C?)(E— F4+2EFG)+ 
H(ABE+CDF\1+G) (8) 


After reinsertion of the functions and fur- 
ther reduction, 


Ws 1 \Zo| é 
Ww. 2 rae zl (sinh 2el cos @— 
r 4COS | 
|2| 
sin 281 sin @)+ = (sinh 2el cos 6+ 


1<*8)) 


1 
sin 281 sin ol} cosh 2a1+ 


=u 


cos 281+(cosh 2al— cos 281)X 
(cos 29+ sin 2@ tan )] (9) 


This is a general expression for the power 
ratio, free from any restrictions on |Z! 
or ¢, and not restricted by short-line ap- 
proximations. 


Magnitude and Phase of Load 
Impedance for Maximum 
Efficiency 


Equating the derivative of this power 
ratio with respect to the impedance ratio 
to zero leads to 


|Z | lsinh 2el cos @— sin 281 sin @ 


\Zo| sinh 2e1 cos @+ sin 281 sin 9 
(10) 


This result is independent of ¢, the 
angle of the load impedance, indicating 
that this impedance magnitude ratio is 
best, irrespective of . 

Next, differentiating the power ratio 
with respect to @ and equating to zero, 
one obtains 


sin 26(cos 281— cosh 2a1) 


¢@= sin™! iz 
rz] sinh2el cos@— sin281sin@)+ 
Bigs. eee. 
(sinh 2e1 cos 8+ sin 281 sin @) 
|Zo| 
(11) 
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phone cable 


Using the impedance magnitude ratio 
from equation 10, equations 9 and 11 re- 
duce to 


Ws pal) 3 

W, A cos > 
V/ (sinh 2el cos @)*—(sin 281 sin @)? + 
1 
zl cosh 2a1+ cos 281+(cosh 2al — 
cos 281)(cos 2@-+ sin 2@ tan ¢)] 


and 


sha * = = 


sin 2@(cos 281— cosh 2al) 


(12) 


2-V (sinh 2el cos @)?—(sin 281 sin 6): 


(13) 
Analysis of General Equations 


Several conclusions are evident merely 
from inspection of the foregoing equa- 
Since equation 11 has a sin 26 
factor in its numerator, the best @ will be 
zero if @ is zero. That is, if the charac- 
teristic impedance is a pure resistance the 
best load impedance also must be a re- 
sistance. Furthermore, when @=0 the 
sin @ terms in equation 10 drop out, mak- 
ing unity the best impedance magnitude 
ratio. Consequently, the characteristic 
impedance will be the best load imped- 
ance whenever it is a pure resistance, 
Transmission texts show that the charac- 
teristic impedance of any line approaches 
a pure resistance as the frequency ap- 
proaches either zero or infinity, while if 
the line satisfies the distortionless condi- 
tion, RC=LG, its characteristic imped- 
ance will be a pure resistance at all fre- 
quencies, 

Another obvious conclusion from equa- 
tion 10 is that |Z] =!Zo| whenever the line 
length is a multiple of a quarter wave- 
length, making sin 281=0. However, 
note that this does not make ¢=0. 
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As al increases, sinh 2a1 soon will be- 
come so large as to mask the periodic 
fluctuations of sin 281 in equation 10, so 
for very long lines the best magnitude of 
load impedance will not differ appreciably 
from that of the characteristic impedance. 
From equation 10 it might appear possible 
to have 


sinh 2el cos @* sin 281 sin @<0 


(14) 


thus causing the quantity under the 
radical to become negative and indicating 
an impedance with an imaginary mag- 
nitude. If such an absurdity could occur 
it would be expected with a short line and 
large value of 6. The largest physically 
possible value of @ is +45°, for which cos 
@=sin 6=0.707. As the line length ap- 
proaches zero, sinh 2al approaches its 
hyperbolic angle, 2a1 nepers, but always 
is larger than it, while sin 281 approaches 
its angle, 261 radians, but is always smal- 
ler than it. Having a negative quantity 
under the radical under these conditions 
would require 281>2al1, but this is im- 
possible when @=+45° for it can be 
shown that a= in this limiting condi- 
tion, i 

In practice, @ is almost always a nega- 
tive angle and would approach —45° ina 
cable having negligible inductance and 
leakage conductance. The above reason- 
ing applied to such a cable indicates that 
its impedance magnitude ratio should ap- 
proach infinity as the length approaches 
zero. Similar reasoning applied to the 
cos 281—cosh 2a1 factor in equation 11 
shows that under these conditions 
would approach zero. Therefore, the 
most efficient load impedance for such a 
cable would approach an infinite re- 
sistance as its length approached zero; 
in agreement with simple physical reason- 
ing. 


Some Special Cases 


The @= —45° case merits further anal- 
ysis because it is so closely approxi- 
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mated by many nonloaded cables. In- 


serting the values of the functions of 0 - 


leads to the following simpler expressions. 


Z % sinh 2a1+ sin 261 (15) 
Z\9=—45° YY sinh 2a1— sin 261 
ca in-!X 
= sin 
|Z ma’ 
' cosh 2a1— cos 281 (16) 


V/2/sinh? 2a1— sin? 261 


Ws wy =—45° 
W, Ales i 
i 


51 V sinh? 2a1 — sin? 281 +2(cosh 2a1 X 


cos 281—1)+ cosh 2a1+ cos 281| (17) 


Another special case worthy of mention 
is that of the best load angle, ¢, at line 
lengths which are multiples of a quarter 
wavelength, for which sin 261=0 and cos 
281=+1. On making these substitu- 
tions, equation 13 becomes 


t= h (2 
o| mr/4 sin ( —sin o C201) 
Z| max 


sinh 2a1 

(18) 
Thus, while the best magnitude of load 
impedance is that of the characteristic 
impedance, for line lengths which are 
multiples of a quarter wavelength, there is 
not a correspondingly simple relation for 
the best load angle. The best load angle 
is proportional to —6, but becomes equal 
to it only as al becomes infinite. This 
latter property is not peculiar to the 
quarter-wavelength points, however, as 
may be seen by letting the line length 
approach infinity in equation 13. Thus, 
for any line having very large attenua- 


tion, the load impedance for greatest 
efficiency will be the conjugate of the 
characteristic impedance. This, of course, 
is a well known relation. 

Finally, setting |Z|=|Z)| and ¢=6 in 
equation 9 reduces the power ratio to 


Ws 
sie) = 201 
W, |Z =Zo 


This is in agreement with elementary 
transmission theory, since both current 
and voltage increase exponentially with 
distance back from this reflectionless 
load. The interesting aspect is that such 
a simple relation can be obtained from 
such a lengthy approach. Aside from 
serving as a partial check on equation 9, 
this power ratio for a characteristic im- 
pedance load serves as a useful reference 
for comparison with the power ratios ob- 
tainable with maximum efficiency load- 
ing. 


(19) 


Illustrative Example—19-Gauge 
Telephone Cable 


A 19-gauge nonloaded telephone cable, 
operating at 1,000 cycles, serves as a good 
illustrative example because its charac- 
teristic impedance has such a large angle 
that the improvement of efficiency, over 
that obtainable with a characteristic im- 
pedance load, becomes very pronounced. 
The characteristics of such a cable are 
given in Table I. 

Figure 1 shows the impedance mag- 
nitude ratio and the load angle as calcu- 
lated for maximum transmission effi- 
ciency. Figure 2 shows a comparison of 
the efficiencies obtainable with charac- 


Table |. Characteristics of 19-Gauge Non- 
loaded Telephone Cable 

R=85.8 ohms 

L=0.001 henrys é 

C=0.062 microfarads be ON 

G=1.50 micromhos 

a=0.1249 nepers/mile 

8 =0.1338 radians/mile 

| Zo | =470.1 ohms »at 1,000 cycles 

= —42.80 degrees ( 
eats 93 miles 


teristic impedance loading and with the 
maximum efficiency load impedances 
from Figure 1. 


Conclusions 


The preceding method for calculating 
maximum efficiency load impedances is 
reasonably direct and is not restricted 
with regard to line length. The method 
presented for calculating sending-to-re- 
ceiving end power ratios is most suitable 
for lines of intermediate length, for which 
the better known approximate methods 
are inadequate. However, the calculating 
accuracy which is required becomes ex- 
cessive for high-efficiency lines and a 
method for calculating the ratio of power 
lost to load power would be preferable. 

It is hoped that other workers will de- 
velop a simpler and more teachable 
method for deriving the basic power ratio 
equation, 9, if indeed it does not already 
exist in some long-forgotten publication. 
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Networks for which Magnitude or Phase 
Angle of Input Impedance or Transfer 


Admittance Remains Constant as 


Load Varies 


RAYMOND S. BERKOWITZ 


ASSOCIATE AIEE 


ONSIDER a linear, constant param- 
eter, passive network with two 
pairs of terminals across one pair of which 
is connected a passive load. If the im- 
pedance of the load is varied, the input 
impedance and the transfer admittance 
between the two pairs of terminals change. 
If the network is known, the changes in 
input impedance and transfer admittance 
can be computed. In this paper the con- 
verse problem is investigated, that is, the 
determination of conditions that must be 
satisfied by the network at constant fre- 
quency to obtain a particular variation of 
input impedance or transfer admittance 
when the load changes in a specified 
way. 
The following special cases are treated, 


the results being summarized in Tables 
LIV: 


1. Input impedance constant as load im- 
pedance varies 

2. Phase of input impedance constant as 
load magnitude varies 

3. Magnitude of input impedance constant 
as load magnitude varies 

4, Phase of input impedance constant as 
load phase varies 

5. Magnitude of input impedance constant 
as load phase varies 
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6. Transfer admittance constant irrespec- 
tive of load variation 

7. Magnitude of transfer admittance con- 
stant as magnitude of load varies 

8. Phase of transfer admittance constant 
as magnitude of load varies 

9. Magnitude of transfer admittance con- 
stant as phase of load varies 

10. Phase of transfer admittance constant 
as phase of load varies. 


The basic theory of the steady-state 
behavior of two terminal-pair networks 
has been thoroughly developed.4? The 
properties of a network can be specified 
practically in terms of complex numbers, 
such as impedances, admittances, transfer 
ratios, and general circuit parameters. 
The design or analysis of a network thus 
may be reduced to a study of the mathe- 
matical relationships between selected 
complex quantities under the different 
conditions of network operation. 

In the expressions and formulas that 
follow a variety of symbols is used to des- 
ignate the different quantities describing 
the networks studied. The meanings are 
explained as they occur, and in Appendix 
I can be found a summary of the most im- 
portant ones. Standard notations are 
used wherever possible. Complex quanti- 
ties are designated by boldface italic 


capital letters; f=aNA1; /0=exp j9; 


Figure 1. Network with two 
Pairs of terminals 
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yA \z| are respectively the conjugate and 
the magnitude of the complex quantity 
Z; Re(Z) and Im(Z) are, respectively, 
the real and the imaginary parts of Z: 
Z=Re(Z)+jIm(Z) = R+jX. 


Theory and General Procedure 


In Figure 1 is shown the typical 2- 
terminal-pair network. (The expressions 
“‘9-terminal-pair”’ and ‘‘network with two 
pairs of terminals’’ are used here inter- 
changeably). E,, Ii, Es, I, are the voltage 
rises and currents at the input and output 
ends of the network as shown. Z; is the 
impedance looking into the network when 
it is terminated by the load impedance 
Zx. It is well known? that the quantities 
E,, I, E, Iz are related by the following 
equivalent sets of equations 


E, — AE,—Bh, 
I,=CE,—Dh., 


E, = DE, —Bf, 


h=CEan ie) 


where A, B, C, D, are the general circuit 
parameters, complex constants for any 4- 
terminal network satisfying 


AD-—BC=1 (2) 


With the network terminated by the 
load impedance Zz, the input impedance 
Z,; and the transfer admittance Y; are 
given by 


If the two output (or two input) ter- 
minals of the network in Figure 1 are in- 
terchanged, the effect on the general cir- 
cuit parameters is to multiply each by 
minus unity. As is well known, Z; re- 
mains the same, but Y; is the negative of 
its original value. 

It is convenient to think of the above 


expressions as transformations in the 
complex plane, commonly known as bi- 
linear transformations. 


The expression 


Li: 
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Table I. 


Network Designation 


Networks Having Constant Input Impedance Characteristics with Varying Load Impedance: 


Basic General Conditions 


SSD 


2 


3 


4 


5 


1. Type of impedance vari- 
ations 


2. Basic definitions 
iit 
\\ 


3. Expressions determining 
values of A,B,C,D 


Zi =21/0k, Zi =2i/ pk 


Zi =21/0k Zi =2ik/ 


Zi =2Lk/0, Zi=2i/ gk 


ZL=21k/0 Zi=2ik/p 


zi=zio when Zp =0 
Zi=Zieo when ZL=a 
Zi=ZLa= 2L0/0k 


when z= (ain +210) 


g=g0 when Z,=0 
¢=¢a when ZL= © 
ZL =ZhLa = 2La/0k when 


=Z(m+ee) 


Zi =Zia when 0=0 
BA,BB,BC,BD = respective 
phases of A,B,C,D 


BA,8B,BC,BD = respective 
phases of A,B,C,D 


4. Conditions necessary and 
sufficient for 
with a _ passive 
(Note: Use is made through- 
out of the fact that 
R1(Zz) =0, Ri(Zi) =0) 


> tic >} —cos (gk +0%) 
zio + 1+cos (yk —O x) 


and for go>¢ou, 
COS Yo COS Ok> > 1 
1+ cos 0% sin go 


/-ek-¢%k /% D| |B 2Lk|A| =zik|D| 
gn Cra dash, ee Nyee neds | Ped 
pipadaa cae nae EL nate l= lal- Fe ar ar 
A=Crio/ ek ia aa BA+6B+6o+Bp=" BD*= 21K AC 
fad, 2zin2La sin =(¢o—Yoa) 
D=CzLa/O%: Aces 2 cos (Ba-+ 6D) = 
B=CzLazio/ek+0k Nel Gee ; AeA) 
/ 0k +5( a — go) cos —(8A — BB) 
Drew Cah Jena cts | 2 
So see 
B=CzixzLa woes coe C! cos 3 (bc — AD) 
ek=~—(Bc+ 6p) = Ba+6B—— 
2 2 
for 210 > Zio for po >¢o cos (BA— Bc) cos (BD — Bc =, Bik 
realizability i> My 1—cos (¢k—Ok) COS Ym cos Ok bbe 5 1 2 cos (BA+ 6D) cos 28c oe cos (BA — BB): 
network. Zico 1+cos (¢k+Ox) 1—cos 0% sin go 2 cos (BA— fc) =0 -cos(BD — Bc) 2cos? Bo 
and for zi0>zio, (pes ign) | CORED BO) £0 gee (ee ee 


cos (Bp — Bc) =0 


for Z; is the most general example of such 
a transformation; that for Y; is a special 
case. The significant property about such 
transformations is the fact that they 
transform circles into circles. (Both a 
straight line and a point are special cases 
of circles.) Thus, if A, B, C, D are given 
complex numbers, and Zz traverses a 
circle in the complex plane, then Z; also 
traverses a circle; a one-to-one, ordered, 
correspondence existing between every 


point on the Z, circle and every point on 
the Z;, ‘‘transformed,” circle. Con- 
versely, it is possible to specify originally 
two circles such that if Zz traverses one, 
then Z; traverses the other. This can be 
insured by proper selection of the param- 
eters A, B, C, D. Use can be made of 
the fact that a circle is determined com- 
pletely by three points on it. (For a 
straight line one of the three points must 
be the point at infinity.) Thus, specify- 


ing three points on the Z; circle corre- 
sponding as in equation 3 to three given 
points on the Zz circle, together with 
equation 2, completely determines A, B, 
C, and D. In the expression for transfer 
admittance there are only two parameters, 
Aand B. This fact serves as a limitation 
on the number of circle transformations 
here available. To illustrate, for the Y; 
circle to vary so that it passes through the 
origin, the Zz circle must be a straight 


Table Il. Reactive Networks Having Constant Input Impedance Characteristics with Varying Load Impedance: Limitations and Passive T 
Representations* 
Network Designation 2 3 4 5 
1. Limitations caused by re- Dee x Der 6%=0 BA+BD=0 or 2x for |D/C|>2xk, 
active network requirement | 94= SES ar Thus, _m Se Pe aan BA=BD=0 or 

only the trivial case of are-|~ 2’ °° 2 2 ay ely 
active load with the result- (abet = th? ek=0 3Lk 
ing reactive Z; satisfies this | °° ~5’ ~ 9 C*= —1/(2ziazLk) Casey 
category. C2= —1/(22ik2La) BLKZIik 


2. T-section representations 


A/C=jaik \or{ A/C= —jzik 
D/C=jzLa D/C= —jztLa 
| 


Zi=ja, Z,=jp, 
Ls=Jy; 
a, B, y arbitrary real numbers 


Zi =jeik +jV 22ik2La 
=F GV 2a: haba 


Z;=jzLa +ja/ Q2ikeLa 


or 
Zi = —jrik 4jV/22ikeLa 
LZr=F IV 22ikoka 


Z;= —jzka +IV 22i1kZLa 


A/C=jzia } ne { A/C= —jzia 


D/C=jzLk D/C= —jaLk 


Zi =jria +IV 22i02Lk 
Zr=* jV 22: asLk 


Zs=jaLk +i 2zia2Lk 
or 


Zi = —jria +jV 22iazLk 
Zr=F GV 22iaZLk 


Zs= —jaLk+j-V 22iaehk 


WV |2in2D?— 2ino0K ; 

for |D/C|<sLk 
Ba+a=BD=0 ora 
AD 

2Lk 

Foe! 
C= +}. 

ZLkBik 


V |zik?D?+2ikeLk 


For given 21k, 2Lk, D can be 
specified arbitrarily, A and 
C readily determinable from 
the above expressions. For 
example, we can select 


D ey +2ikeLk Thus,a 
ik 


typical representation is: 
Zi =F G3Lk +GV Bik2Lk+2ik*® 
Z2= +j2Lk 


Fy &4 
Zoya jab tj WV a ikeL teak? 
2ik 


* Refer to Table I and Figure 2 for definitions of the symbols used. 
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Ze 


Figure 2. T-section 


Ar=(A+Z2)/Z2 

Br = (Z,Z2 +Z,Z; +2Z.Z3)/Z2 
Cr=1/Ze 

Dp =(Z2+2Z;)/Z2 


line, since Y; will be zero only when ZL! is 
infinite, unless A and B are both infinite, 
in which case the Y; circle would consist 
entirely of the point at the origin of the 
complex plane. 

For given values of A, B, C, D satisfy- 
ing equation 2 a variety of network rep- 
resentations can be found. Such net- 
works must have in general a minimum of 
three elements, each element being a self 
or mutual impedance or admittance rep- 
resentable by a complex number. In 
Figures 2, 3, and 4 are three such general 
networks. In each figure the values of 
A, B, C, D are given in terms of the ele- 
ment values, and the elements are given 
in terms of A, B, C, D. 

Comparing Figures 2 and 3, a similarity 
is seen between the expressions relating 
A, B, C, D and the circuit elements. For 
given values of A, B, C, D, equivalent 
T and 7 networks can be constructed with 
the impedance elements of the T de- 
pending in a simple way on A, C, and D 
and the corresponding admittance ele- 
ments of the 7 depending in exactly the 


Zi=(Ar—1)/Gr 
LZe=1/Gr 
Z;=(Dr—1)/Cr 


B,=1/Y, 


A; = (Yo+ Y:)/ Y. 


eG= (eA Yo+ YiY3+ Y2Y3)/Y2 


m-section 


Figure 3. 


Y,=(D,—1)/B, 
Y2=1/B, 
Y: = (An—1)/Br 


D,=(Vi+ Y2)/Ys 


same simple way on D, B, and A. This 
is an example of the principle of duality. 
In obtaining relationships leading to the 
construction of networks corresponding to 
given values of the general circuit param- 
eters, it is sufficient to state those re- 
lationships in terms of A, C, and D, the 
implication being that similar relation- 
ships also can be expressed in terms of 
D, B, and A, leading to the construction 
of corresponding dual networks. 

It is of interest to examine the proper- 
ties of symmetrical networks, that is, 4- 
terminal networks whose behavior re- 
mains the same when input and output 
terminals are interchanged. For sym- 
metrical networks A=D. Thus, the 
T and 7 sections in Figures 2 and 3 both 
can be symmetrical networks. In Figure 
5 are given the relations connecting ele- 
ments with A, B, C, D for the symmetrical 
lattice network. The network in Figure 4 
is symmetrical only if ArDr=n’. 

Up to now, the only restriction on the 
values of A, B, C, D has been that AD— 
BC=1. In order that the single-fre- 


quency network be passive, however, 
certain other conditions must be satis- 
fied. Passiveness requires that the input 
power never be less than the power leay- 
ing the network. As shown in Appendix 
II, this definition leads to the following 
two independent restrictions: 


Re(A/C)>0; Re(A/C)Re(D/C)> 


[Re(1/C)]? (4) 


The above inequalities are both necessary 
and sufficient for A, B, C, D to describe 
a passive network. Other necessary con- 
ditions that are useful in certain calcula- 
tions are 


Re(D/C)>0; [Im(AD*—BC*)]}?< 
4Re(BD*)Re(AC*) (5) 


Relations similar to equations 4 and 5 
can be written at once from the principle 
of duality, by replacing A, C, D by D, B, 
A in the above expressions. The first 
inequality in equation 5 follows from 
equation 4. The second inequality is a 
direct result of the fact that with Zz con- 
nected to the output of the network, 


Table Ill. Symmetrical Networks Having Constant Input Impedance Characteristics with Warying Load Impedance: General Conditions 


Plus Typical Lattice Examples 


Network Designation 2 


3 4 5 
1. Necessary and sufficient | zLha=zio ZLa=2Zik 1 i 
conditions for networks to | gr=06x 6 q 1 : cos 2BA= oT IC | Ee 
be symmetrical AS /—20% k= 3 (v@ +0) A be AA*—2;7°CC*¥=1 } os 
2i co (Zim —Zi0) mi Gime Bee 
A= D=C2in/Ok fz 2 bem Te) ca “2 


(GIS Be =5(ek+ Ba) 


1+sin (¢%—2BaA) 
2Lk 1+sin (gz+2BA) 


AA*—2;2CC*= —1 


2zik? sin 1(g)— go) 
2 Bia 


A=D=C zik/ Po 


2. Conditions imposed by | for 2ia>zi0, no for = 2 
' - = ge sear Yo 2Ok> y0, cos*(84 — BC) =2cos2Bacos*Bc | cos (BA—Bc) 20 
passive network require- limitations. cos 764 > sin (ga —Ok) which can be written: for BA=0, =z: 
ment for Zi0>Zic, for go >0k >a , 1 |A|=1 
2 Es 2 <i ee e 
iss slsineag cos 20, >sin (0k—vo) cos(2B4A + 2Bc) <1 zeICh ; ee ' 
Zi0 also, cos (8A— Bc) =>0 or fA 2’ 
|A| =,cot Be] 
3. Typical passive network 


Let: ( 2La=zik=a 


Let: ( 2iw =22i0=eLa=a a 
representations (symmetrical Pe Let 2Ek=a, gk=0, BA we Let ( 2Lk=2ik=a 
lattice, see Figure 5) her oo = 70k = 0,90 = aid F 6 Wee ae 
: 4 : Z a ‘ ; 4 
Zm=a—ja Zm = a(0.252 —j0.391) “ICl=<, bc=5, |A|=1 


Zn =3a+ja Zn = (1.162 + 51.805) Zm = a(0.366 + 30.366) 


Zn = a(1.366 —J1.366) 


“Icl=2 
sicl=2 


.. Zm = a(0.707 —J0.707) 
Zn = a(2.121 —j2,121) 
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joat 


R(Z;) can never be negative as long as 
Zz is passive; that is, Rr(Zt) =0 (see Ap- 
pendix IT for details). 

A passive element network is one in 
which the real part of the impedance of 
every element is not negative. Thus, 
from Figure 2, allowing for a possible re- 
versal of the output terminals, the A, C, 
D for a\passive-element T network must 
satisfy: 


Re(A/C)>|Re(1/C)|; 
Re(D/C)>|Re(1/C)| (6) 


As expected, equation 6 is a special case of 
equation 4. It is seen that passive net- 
works are possible which cannot be rep- 
resented by a passive-element T. How- 
ever, if the use of an ideal transformer is 
permitted in cascade with the T net- 
work, as in Figure 4, it is always possible 
so to represent passive networks at a 
single frequency by selecting the trans- 
former turns ratio m such that 


Re(A/C) -Re(D/C)> 
nRe(1/C)Re(A/C)> [Re(1/C)}?_ (7) 


In the case of purely reactive networks 
all the terms in the above inequalities, 
equations 4, 5, 6, and 7, are zero, since for 
this type of network, A and D must be 
real numbers and B and C must be pure 
imaginary. 

For symmetrical networks, where A= 
D, it is seen that the conditions in equa- 
tions 6 and 4 become identical. Thus, it 
is always possible to represent a sym- 
metrical passive network by a symmet- 
rical T with the understanding that the 
output terminals may be reversed if 
necessary. An alternative representation 
is shown in Figure 5; it is seen that the 
conditions for the symmetrical lattice to 
be a passive element network are the same 
as equations 4 and 6. 


Networks with Particular Types of 
Input Impedance Variation as 
Load Impedance Varies 


The specific problem here is to start 
with circles in the complex plane, repre- 
senting variations in load impedance and 
the corresponding variations in input 
impedance, determine the required ranges 
of values for the general circuit param- 
eters, and show how passive networks 
can be constructed with the desired prop- 
erties. 


1. Inpur IMPEDANCE CONSTANT AS 
Loap IMPEDANCE VARIES 


It is seen that this is a trivial limiting 
case, since both the voltage and the cur- 
rent at the load must vanish. Typical ex- 
amples are the “short-circuited T”’ 
(Z,.=0 in Figure 2 or 4) and the “balanced 
bridge” (as in Figure 5, with Zm=Zn). 
In this case, A, B, C, and D are all in- 
finite. 

Such cases occur in general when 
the input and output branches of the net- 
work are what is known as conjugate to 
each other. 


2. PHASE OF INPUT IMPEDANCE 
CONSTANT AS LOAD MAGNITUDE 
VARIES. 


In this case both input and output can 
be represented by straight lines in the 
complex plane which, if extended, would 
pass through the origin. A, B, C, D can 
be expressed in terms of the magnitudes 
of the three points on the Z; line corre- 
sponding to \zr|=0, co, and an _ inter- 
mediate value. Other parameters are the 
respective constant phases of Z; and 
ZL. 


3. MacnirupE oF INPUT IMPEDANCE 
CONSTANT AS LOAD MAGNITUDE VARIES 


Here the load is still represented by a 
straight line, as in 2, but the input rep- 
resentation now is the arc of a circle with 
center at the origin. A, B, C, D now can 
be expressed in terms of the phases of the 
three points on the Z; circle corresponding 
to [Zz] =(0,©, and an intermediate value, 
the other parameters being the magnitude 
of the input impedance and the phase of 
the load. 


4. PuHase or InpuT CONSTANT AS 
LOAD PHASE VARIES 


In this case the input impedance is rep- 
resented by a straight line passing 
through the origin and the load by a circle 
with the origin as acenter. Here it is not 
found convenient to express A, B, C, D 
explicitly in terms of corresponding points 
on the two circle diagrams. Instead, 
using the fact that if Z, traverses a com- 
plete circle, Z; must pass through both 
zero and infinity, necessary conditions for 
A, B, C, D are obtained. The parameters 
of these expressions are the constant mag- 
nitude of the load, the constant phase of 
the input, and the particular value of the 
input magnitude when the load phase is 
zero. 


e 


5. MAGNITUDE oF INPUT CONSTANT 
AS LOAD PHASE VARIES 


The representations of both input and 
load impedances are arcs of circles with 
the origin as center. Using the fact that 
both Z; and Zr vary with constant mag- 
nitude, necessary conditions which must 
be satisfied by A, B, C, D are obtained, 
the parameters being the constant magni- 
tudes of the input impedance and the 
load. 


Table IV. Networks with Constant Transfer Admittance Characteristics with Variable Load Impedance 


Network Designation 6 7 | 8 9 10 
1. Type of imped- 1 ZL =21/0k ZL=21L/0k; Zi=2t/Wk ZL=2Lk/0, Zr=2tk/v ZL=2Lk/0; Zr=2:/pk 
ance variations Zu=21/9; Zt= Yum atk / pr vy | Pde wo oT ra x" ated 
Ze=21k/¥ 
2. Basic conditions | A=0; BC=—1 Trivial case would |Let { Zt=Zta when 21 =0 B=0, AD=1 Trivial case: reduces 
Re(1/C) =0 require that 2t=ztb when 21 =|ztal BA=BD=0, to 6, since A must 
Z:=B=-—1/C Ztk = © B=21a/vk cos (84 — fc) 20 =0 
D arbitrary if A+0 ae \2ex| =|Alzzk 
lh a as lle Le vy=6a+0=0, 7 +0 
pic |C| arbitrary 
Ztb — Zta 
|D| > os 6% cos (BD — Wk) = 
|\zeal 
cos Wk 
cos (8D —9k) =0 
3. Typical network Le ; Let ( 2ta=a, arbitrary Let 1 
representations Let G=Ja, a arbitrary real positive real Ae are: 
T-section = = Pais 3 
Z1=—ja sy Saye = 05 6p 4 Bo=4", |C|=1/a, where 
Ania SIO lattice a is arbitrary positive real 
gE DICKELEY, Yn=>5- =~ (2.414 71.414) -Bth= —22Lk, p= +0 
ca ft T-section with transformer 
ee as n=1/2 
Kn = 7. gt ete sn4l4) Z,=0, Z:=0(0.353 +50.353), 
Z;=0 
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T-SECTION 
Zy) Zo» Z3 
At, By, Cy, Or 


Figure 4. T-section with perfect transformer 


Arrr=Ar/n 
Brrr =Br/n 
Core =nGr 


Drrr=nDr 


The necessary and sufficient conditions 
for networks of types 2, 3, 4, and 5 to be 
realizable by passive networks are shown 
in Table I. The first line of this chart 
shows the general types of variations that 
are considered in each case for Zp and Zj. 
The subscript k shows which, magnitude 
or phase, is kept constant in each instance. 
Line 2 defines the symbols in terms of 
which the required values of A, B, C, D 
are expressed in line 3. In line 4 are the 
added conditions that must be satisfied 
if the given networks are to be realizable 
with passive elements. To construct 
such networks, select suitable parameters 
that satisfy the conditions in line 4, then 
use line 3 to obtain the values of A, C, D 
or D, B, and A. The actual passive net- 
work construction follows. Thus, using 
the expressions in Figure 5, a T-trans- 
former combination always can be found, 
the transformer turns-ratio satisfying 
equation 7. 

In Table IT is shown how the conditions 
of Table I are modified by the require- 
ment that the 4-terminal network be 
reactive (that is, nondissipative). For 
type-2 networks it is seen that both the 
load and the input must vary along the 
imaginary axis. For type-3 networks, 
the load must vary only along the real 
axis, and in the case of type-4 networks 
the variation of the input impedance 
must be along the real axis when the load 
phase changes. In line 2 are shown T- 
section representations of these reactive 
networks. It can be noted that network 
types 2 and 5 each have three arbitrary 
patameters, whereas 3 and 4 have only 
two. Table III, lines 1 and 2, shows the 
limitations on the networks of Table I 
resulting from the requirement that the 
networks be symmetrical. In line 3, 
typical selections of network parameters 
are made and values of corresponding 
symmetrical lattice networks are shown. 


Networks with Particular Types of 
Transfer Admittance Variation as 
Load Impedance Varies 


In these calculations it has been found 
convenient to speak in terms of Z;=1Y), 
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Zi=(n*Arrr—n)/Crrr 
Z.=n/Crrer 
Z;=(Drrr—n)/Crre 


where Y; is the transfer admittance de- 
fined as the ratio of load current to input 
voltage. The basic results for different 
combinations of impedance variations are 
shown in Table IV, together with some 
typical network representations. It 
should be noted that Z; can be either 
positive or negative. A brief discussion 
of each type of network follows. 


6. TRANSFER ADMITTANCE CONSTANT 
IRRESPECTIVE OF LOAD VARIATION 


This condition is satisfied provided 
A=(0. For a passive network repre- 
sentation it is seen that C must be pure 
imaginary, in which case ¥Y;=—C also 
must be pure imaginary. It is interesting 
to note that in the symmetrical case, 
where D=A=0, the input impedance is 
given by Zj=a?/Zz, where (1/C)=ja. 
In other words, in this case the input im- 
pedance would be proportional to the 
reciprocal of the load impedance (a T- 
section representation of this type of 
network would be: 2:=Z;=—ja; Zo.= 


ja). 


7. MAGNITUDE OF TRANSFER 
ADMITTANCE CONSTANT AS MAGNITUDE 
OF LOAD VARIES 


As noted in Table IV, it is impossible to 
obtain a network of this type that also is 
not of type 6. 


8. PHASE OF TRANSFER ADMITTANCE 
CONSTANT AS MaGnirupr or LoAp 
VARIES 


This type of network is realizable for 
wide ranges of parameters. In line 2 of 
Table IV the necessary and _ sufficient 
values of A and B are specified in terms 
of 6% and We, as well as two arbitrary real 
numbers, zjq and zp». The inequalities 
necessary for the network to be passive 
always can be satisfied by proper selec- 
tion of D. Knowing A, B, and D, ad- 
mittance networks can be constructed at 
once. As an example, a selection of suit- 
able parameters is made and the re- 


sultant symmetrical lattice representa- 
tion is shown in line 3. 
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Figure 5. Symmetrical lattice 


A, =D,= (Zn +Zm)/(Zn—- Zind a 
(Ym ae Ynd / (Ym ne Yn) 
B,, = 2ZmLn/ (Ln bea Zm) = 2/(%m a> Yn) 
Cr, a 2/Zn—LZm) =2Ym Yn/ Cm Ynd 
Zn =1/¥n=(At+1)/Cr = ((Ar—1)/Br) ~ 
Zin =1/Ym = (ALt— 1)/CL= ((Ar+1)/Br| 7 


9. MAGNITUDE OF TRANSFER 
ADMITTANCE CONSTANT AS PHASE OF 
Loap VARIES 


This type of network is possible pro- 
vided B=0. For passive network reali- 
zation it is necessary that A and D both 
be real; the magnitude and phase of C 
being for the most part arbitrary. Since 
the phase of Z; can differ from that of the 
load only by @ or a, it is evident that the 
network representation can have no 
effective series impedance. Thus, in the 
example chosen in Table IV, the resulting 
network is simply a transformer with an 
impedance shunting its secondary wind- 
ing. 


10. PHase or TRANSFER ADMITTANCE 
CONSTANT AS PHASE OF LOAD VARIES 


As noted in Table IV, this type of net- 
work can be realized only by a network 
of type 6. 


Appendix | 


List of Main Symbols Used 


E,, I, Ex, I,=voltage rises and currents at 
the input and output ends of the 4- 
terminal network (see Figure 1) 

Zz, =\load impedance = Ry +jXz, 

zp =magnitude of load impedance (2, >0) 


6=phase of load impedance( => 0> -£) 


Z;,=input impedance = Ry+jX; 

2;= magnitude of input impedance (z;>0) 
y=phase of input impedance (E202 = 
Y,=transfer admittance 
Z:=1/¥%:=RitjXt 

y=“phase”’ of Z; 


taken such that ae wes 
2 2 


2:= “magnitude” of Z;(allowed to take on 
negative values) . : 
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A,B,C,D =general circuit parameters 

Ba, Bs, Bc, Bp=phasesof A, B, C, D, re- 
spectively 

a=real number 

k=subscript denoting the constant part 
(magnitude or phase) of a varying 
impedance 

a, b, 0, ~ =subscripts denoting particular 
values of magnitude or phase of vary- 
iiig impedances 

1, 2,3, m, n=subscripts denoting elements 
of certain networks 


Appendix Il 


Derivation of Limitations. Imposed 
on A, B, C, D by the Condition 
That Network Be Passive 


In equation 1, consider J;and Jy as inde- 
pendent variables. The expressions for the 
voltages then become 
E,=1,(A/C)+1(1/C); 

E,=1,(1/C)+L(D/C) (8) 


For the network to be passive, the power 
going into it can never be negative, what- 
ever the values of J, and Jz. In other words, 
Re(E\h*+£:Io*)>0. From the above two 
expressions, this becomes: 


I,)*Re(A/C)+2Re(h*) - Re(1/C)+ 
x|*Re(D/C)>0 (9) 


Letting first J,, then J;=0, there results: 
Re(A/C)>0; Re(D/C)>0 (10) 


Finally, to insure that expression 9 is never 
negative, the discriminant must not be 
greater than zero. Thus: 


[Re(1/C) ]?—Re(A/C)Re(D/C)<0 (11) 


Equations 10 and 11 are seen to constitute 
the necessary and sufficient conditions ex- 
pressed in equation 4. Similar conditions 
were obtained for variable frequency net- 
works in terms of open-circuit impedance 
parameters by Gewertz’ in 1933. 

Another necessary condition can be ob- 
tained from the fact that for Re(Zz,)>0, 
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it also must be true that Re(Z;)>0. Thus, 
suppose that Z,=jX,=jx. Thus, rational- 
izing the denominator of the expression for 
Z; in the text, there results: 


x*Re(AC*) —xRej(BC*—AD*)+ 
Re(BD*)>0 (12) 


Thus, since Re(AC*) >0, in order to insure 
that equation 12 holds for all values of x, 


[Im(AD*—BC*)]?<4Re(BD*)Re(AC*) 
(13) 
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The Generalized Transmission Matrix 


Stability Criterion 


PIERRE M. HONNELL 


MEMBER AIEE 


Synopsis: A generalized criterion for sta- 
bility of a closed tandem connection of 
double-dinodes is given by the expression 


A(x) = a +dx —|a| —1=0 


in which the a, are the appropriate terms of 
the transmission matrix of the tandem net- 
work prior to closing the loop. If the )- 
roots of A(\) have positive real parts, the 
network will oscillate spontaneously upon 
closing the transmission loop; that is, the 
network is unstable, 

The generalized criterion is applicable to 
transmission loops incorporating bilateral 
amplifiers, and the transmission loop may 
be opened wherever desired without con- 
sideration of the impedances to the left and 
right of the cut. 

The criterion is not limited to transmis- 
sion networks employing amplifiers; like- 
wise, it applies equally well to electro- 
mechanical networks or servomechanisms. 


MONG THE several methods for 

predetermining the stability of net- 
works, that is, whether or not self-sus- 
tained oscillations or singing will exist, the 
Barkhausen and Nyquist criteria often 
are applied to those circuit configurations 
which employ electron-tube amplifiers. 
In these networks the concept of retro- 
action or feedback is useful, since this 
provides a mental picture of a voltage 
wave progressing unidirectionally through 
the electron tube, the passive feedback 
network, back to the tube input, and so 
on; it also leads to a simple scheme for 
computing the ratio of output to input 
voltage for the network, upon which the 
stability of the network apparently 


rests, 

The Barkhausen! criterion, for ex- 
ample, 
K. Vi) = 1. (1) 


then expresses the intuitive reasoning that 
if the product of the loop gain K due to 
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the amplifier, and the loss in the feedback 
network V(iw) is just equal to unity, then 
spontaneous oscillations will occur in the 
network. 

The criterion for oscillation given by 
equation 1 is known not to be entirely 
correct from the work of Black,? and as 
demonstrated experimentally by Peter- 
son, Kreer, and Ware.* An exact for- 
mulation was given by Nyquist* as the 
following: 


Rule: Plot plus and minus the imaginary 
parts of AJ(iw) against the real part for all 
frequencies from 0 to », If the point 
1+0 lies completely outside this curve the 
system is stable; if not it is unstable. 


In this rule, the complex quantity 
AJ(iw) represents the ratio by which the 
amplifier and the feedback circuit modify 
the wave in one round trip; that is, the 
ratio of output to input voltage for the 
entire loop. The symbolism pf now is 
commonly substituted for AJ(iw). It 
should be understood that for amplifiers 
a nonoscillatory condition is classed as 
stable; for oscillators, however, a stable 
condition implies oscillations of unvarying 
envelope magnitude and is strictly not 
attainable solely with linear parameters. 

There are certain restrictions to the 
criteria given above. One restriction has 
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to do with the impedance in which the 
feedback loop is terminated. Although 
sometimes not explicitly stated, it is 
nevertheless necessary that the ratio pB 
be unchanged upon closing the feedback 
loop. Since (or if) the grid-cathode im- 
pedance of an electron-tube amplifier may 
be assumed indefinitely large, this pre- 
requisite is met directly when the loop is 
opened at the grid-cathode node pair. 
For some feedback loops, terminating 
impedances may be taken into considera- 
tion in the computation or measurement 
by appropriate circuit artifices. In any 
case, the electron-tube amplifier must be 
substantially a unilateral transmission 
device. 

Another limitation depends upon the 
existence of subsidiary feedback loops 
within the y-network itself, for example, a 
connection from plate to grid of the am- 
plifier tube. In this case the yf criterion 
is no longer directly applicable, as will be 
shown by an example, because of the 
bilateral character of the composite am- 
plifier circuit. 

Figure 1 shows a network for which the 
uB criterion, as originally given by Ny- 
quist, is not applicable. In this network, 
the ratio of output voltage V2 to input 
voltage Vi, or uB, for the open feedback 
loop is given by the expression: 


V2 Ape &m — Ze 
Y So+ectgptgrtgretjoC+1/joL 
(2) 


where the ideal transformer ratio is taken 
asn=—1. 

It is instructive to consider the sta- 
bility of this circuit for two sets of param- 
eter magnitudes, tabulated in Table I. 
It will be noted that the only change be- 
tween the parameter magnitudes listed 
under Condition I, Threshold Oscilla- 
tions, and those under Condition II, 
Nonoscillatory, lies in a variation of the 
subsidiary feedback conductance g, in the 
p-network, 

Substituting the parameter magnitudes 
for Condition II from Table I into equa- 
tion 2 yields the following expression: 


1 


HP 7644 j1.44(o/a0 Sone 


(3) 
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ys 


U— y - NETWORK ——— 


7 B- NETWORK ——_,, 


where wo=27 1,006, the angular reso- 
nance frequency of the C and L alone. 
Plotting the Nyquist diagram of equa- 
tion 3 yields the smaller circle shown in 
Figure 2, which encloses the critical point 
1+70. The parameter magnitudes from 
Condition I listed in Table I when sub- 
stituted into equation 2 also yield a simi- 
lar Nyquist plot but of larger diameter, 
which is likewise plotted in Figure 2. 

Clearly, according to the yf rule, the 
network shown in Figure 1 with the feed- 
back loop closed is fully oscillatory for 
either set of parameter magnitudes. 
Actually, the network is just barely oscil- 
latory for the parameter magnitudes 
under Condition I, and completely non- 
oscillatory for parameter magnitudes in 
Condition II. The generalized transmis- 
sion matrix stability criterion, on the 
‘other hand, correctly predicts the be- 
havior of the network when the feedback 
loop is closed, as will be shown. 

The principal objective of this paper is 
to derive the new generalized matrix cri- 
terion. The new matrix criterion is per- 
fectly general and is not limited solely to 
networks incorporating electron-tube or 
other types of amplifiers. It can be ap- 
plied only to those circuit configurations 
for which a principal transmission loop 
may be delineated in the network, and for 
which the transmission matrix is valid, 


The Transmission Matrix 


The computation of the ratio of output 
to input voltage for circuit configurations 
which include a recognizable transmis- 
sion loop may be made by direct applica- 
tion of Kirchofi’s Laws or rules deduced 
therefrom. However, the pre-eminent 
method of analysis for this type of net- 
work employs the algebra of matrices, 
because of its elegance, compactness, and 
ease of application. 

For examples of the application of the 
transmission matrix to the study of sta- 


Figure 1(left). Feedback circuit 
with subsidiary loop in the p- 
network or amplifier 


Figure 2 (right). Nyquist dia- 
grams for the network shown 
in Figure 1, with parameter 
magnitudes for Condition | 
and Il, as given in Table | 


papers by Jefferson,® Sulzer,’ Hinton,’ 
and Mathes,? all of which pertain to vari- 
ous phases of oscillator design. These 
authors limited their matrix approach 
merely to the derivation of the matrix 
network function corresponding to the 
Nyquist y8 criterion, while the present 
work extends these matrix methods. 

The transmission matrix [a] of a 
double-dinode* relates the input and out- 
put voltages and currents in the following 
manner: 


TP )-[ call a (4) 
I; a On} L—lp 
with positive polarities for the variables 
taken as shown in Figure 3 for the [a'] 
network. The detailed methods of com- 
puting the transmission matrix of purely 
passive networks may be found in Guil- 
lemin® and Pipes,!°~'? while for active 
networks containing electron-tubes ref- 
erence may be made to Feldtkeller!’ 
and Brown and Bennett. 

The over-all transmission matrix for 1 
double-dinodes connected in tandem, as 
shown in Figure 3, is simply expressed 


Re [a4] [o*].. et I a5 ; 


or more concisely as 


Ez, 0}. | En 
LP |= tn fed (6) 


The over-all transmission matrix [a°] in 


*A network with but two accessible nodes is con- 
cisely called a dinode. A network with two pairs of 
accessible nodes may be called a double-dinode. 
This is the type of network considered herein, and 
to which the transmission matrix defined by equa- 
tion 4 applies. A 4-terminal network constrained 
to function as a double-dinode should not be con- 
fused with the more general quadrinode. 


08w, 


2-— CONDITION T 


125w. 


equation 6 is obtained from the matrix 
product of the associated [a’] matrices 
for the individual double-dinodes, taken 
in the proper order. 


The Two Special Transmission 
Matrix Stability Criteria 


There are two special stability cri- 
teria, both of which pertain to certain 
networks exhibiting limiting conditions, 
as well as the generalized criterion, which 
are obtainable from the transmission ma- 
trix. The special criteria are considered 
first. 

A tandem connection of double-dinodes, 
as shown in Figure 3, represents an open 
feedback loop which may be closed upon 
connecting nodes 1 and 1’ on nodes n 
and n’ respectively. Now suppose that 
the electron-tube amplifier is within the 
network [a'], with the grid-cathode con- 
nected to terminals 1 and 1’, respectively, 
so that this node pair exhibits an indefi- 
nitely large impedance. If there is no 
subsidiary feedback loop within the net- 
work [a"], the impedance between 1 and 
1’ remains indefinitely large and inde- 
pendent of the output load on the [a?] 
network. Upon closing the transmission 
loop (by connecting 1 and 1’ on m and 
n'), it is clear that the input and output 
voltages will be identical, and that the 
output and input currents will vanish. 
That is, the closing of the transmission 
loop introduces constraints on the vari- 
able such that 


i, =E, 


i 7) 


Equation 6 then yields the first special 
stability criterion: 


| a.—1=0 | (8) 


The second special stability criterion 


Figure 3. The tandem connection of n 


double-dinodes 


" bility, teference may be made to the 
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Figure 4. The feedback circuit shown in 
Figure 1 considered as a transmission network 


would apply to amplifying devices which 
may be considered as purely current- 
actuated controls. It also is assumed that 
the indefinitely large input admittance of 
the amplifier is independent of the load 
admittance on its output terminals. As- 
sume as before that the first network 
[a1] in Figure 8 contains the amplifying 
device with the input terminals on 1 and 
1’. It is clear that in this case the ter- 
minal voltage will vanish when the trans- 
mission loop is closed (by connecting 1 
and 1’ on » and n’, respectively). The 
constraints on the variables are there- 
fore given by 


I=—In 


9 
E,=En=0 ©) 


Equation 6 then yields the second special 
stability criterion 


A — 1 =() (10) 


It is emphasized that the special cri- 
teria given by equations 8 and 10 are 
limited to those networks with uni- 
lateral transmitting properties having 
indefinitely large input impedance and 
admittance, respectively. Furthermore, 
it is interesting to note that the relation 
given by equation 8 is the matrix formula- 
tion equivalent to the Nyquist criterion 
uG—1=0, since 


uB=E2/ FE, =1/a%, 


This also is the matrix criterion employed 
by the authors to whose work previous 
reference has been made.*~8 


The Generalized Transmission 
Matrix Stability Criterion 


A generalization of the special trans- 
mission matrix criteria given by equa- 
tions 8 and 10 is obtained in an analogous 
manner. In the general case, there can be 
no restriction as to the input impedance 
of the amplifying device, nor need the 
latter be unilateral. That is, the am- 
plifier input impedance may be a function 
of the output load, as is the case, for ex- 
ample, in an electron-tube amplifier with 
a subsidiary feedback connection. 

In the general case, therefore, the in- 
terrelation of the variables is set by 
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[o'] 


specifying that the input and output 
voltages and currents of the transmission 
loop should be respectively equal. Ac- 
cordingly, the constraints on the vari- 
ables are given by 


E,=En 


11 
een (11) 


From equation 6 there then follows 
A(d) =a%,+4% —|a°| —1 =0 | (12) 


Equation 12 may be called the generalized 
transmission matrix stability criterion. 
It represents the sum of the terms on the 
principal diagonal of the over-all trans- 
mission matrix [a°], minus the determi- 
nant |a®| of the transmission matrix, minus 
1. In general, since [a°] is a function of 
X, it follows that the generalized criterion 
A (AX) also is a function of A, the complex 
frequency. 

While the limited matrix stability 
criteria a°,;—1=0 and a%.—1=0 require 
that the transmission loop be cut or 
opened at the zero admittance or zero 
impedance input terminals of the uni- 
lateral amplifying device, the generalized 
matrix criterion is not so limited. The 
transmission network may be cut wher- 
ever desired, and the generalized criterion 
automatically will take into account the 
impedances to the left and right of the 
cut. 

But that is not all; if the amplifying 
device is bilateral, that is, if there is a 
subsidiary loop within the amplifying de- 
vice, then a signal may be transmitted in 
either direction through the open loop. 
Because of the reciprocal properties of the 
direct and reverse transmission matrices 
for such networks, the generalized ma- 
trix stability criterion, equation 12, may 
be taken in either direction through the 
loop, and will still be valid. If the am- 
plifier is unilateral, the transmission ma- 
trix may be taken only in the direction of 
propagation, for the reverse transmission 


matrix through the amplifier is (naturally) 
not defined. 


Interpretation of the Matrix Criteria 


First of all, it should be evident that the 
limited and generalized matrix criteria 
given in equations 8, 10, and 12 are arti- 
fices for predicting the stability of the 
closed transmission loop by means of 
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matrix network coefficients obtained from 
the transmission loop before it is closed. 
This is useful because of the greater ease 
of computing the matrix coefficients (or 
uB, for that matter) for the tandem con- 
nection of double-dinodes for the open 
loop. (For simple networks, this ad- 
vantage may not be important.) In the 
case of the closed transmission loop, the 
network stability is obtained most easily 
by computing the impedance matrix [Z] 
or the admittance matrix [VY] for the 
closed network, and determining the 
conditions for oscillation as given by 
either 


|Z| =0 or |y|= 


which signifies the vanishing of the de- 
terminant of the circuit impedance or ad- 
mittance matrices, as the case may be. 
Furthermore, it should be clear that 
the network before the transmission loop 
is closed is not the same as the circuit ob- 
tained after the transmission loop is 
closed. That is, under open transmission 
loop conditions, the input and output 
voltages and currents /,, Hy, and 1, I, 
may or may not be equal in magnitude 
and phase in the steady state. After the 
transmission loop is closed, this introduces 
constraints on the variables such that 


FE; must equal Ep, and 


J, must equal —Jp, 


for all time, that is, for —-~ <i< +o, 
Obviously, there is then no longer any 
distinction between input and output of 
the transmission loop proper, and the 
closed loop circuit becomes a new net- 
work, This point of view clarifies some- 
what the anomaly mentioned by Black? 
and investigated by Nyquist and leading 
to the latter’s AJ(iw) =1 criterion. That 
is, a network may have |En| >|E,| with 
on—$1= 27k for more than one frequency 
on steady-state open transmission loop 
conditions, but nevertheless may not 
oscillate spontaneously when the trans- 
mission loop is closed; for, after all, the 
closed loop network becomes a new 


Table I. Network Parameter Numerical 

Magnitudes 

Condition I 
Network Threshold Condition II 
Parameter Oscillations Nonoscillatory 
a, mhos 100 X 1076 100 X 10-6 
gb, mhos 150X106 150 X 10-5 
&c, mhos 561 X 10-6 833 X 1076 
£9, mhos 50X10 76 50X1076 
gm, mhos 3030 X10 ~6 3030 X1078 
&p, mhos 136X106 186X 1076 
LC, mhos 76X10~6 76X10-6 
gt, mhos 2101076 2101076 
C, farads 0.51076 0.51076 
L, henrys 50 X 10-3 


50X10-* 


ATEE TRANSACTIONS 


CONDITION T 
THRESHOLD OSCILLATION 


A- PLANE 
jw 


Figure 5. Mapping of the d-plane onto the 

A(\)-plane for the circuit shown in Figure 4 

with parameter magnitudes for Condition | and 
Il, Table | 


and different circuit configuration. 

Tn other words, the Nyquist u8=1 rule, 
or the limited and the generalized trans- 
mission matrix criteria, are merely alter- 
native expressions for obtaining the 
natural free response of networks which, 
for those comprising a finite number of 
lumped parameters, will be principally of 
the form Ke’. The exponential term 
includes the parameter \ which is defined 
as 


A=0+]Jw (13) 


and generally is called the complex fre- 


1951, VoLumE 70 


ACA) - PLANE 
Im A(A) 


7=-13530 


CONDITION IL 
NON-OSCILLATORY 


A(A)- PLANE 
Im AA) 


b 


o:0 
o: 3000 
@=6320 
@=13330 


quency. Depending upon whether the 
real part of \ is negative, zero, or positive, 
the natural or transient response will de- 
cay, be stationary, or increase unendingly 
in magnitude with time. Of course, the 
latter condition is limited physically by 
nonlinearity or rupture of the network; 
while the case ¢=0 also requires special 
means for the continuation of constant 
amplitude oscillations. 

The most illuminating, although not 
necessarily the most practicable, ap- 
proach to the determination of whether 
any of the A-roots of the criteria have 
positive real parts is that of mapping the 
\-plane onto the A(A) plane. 

Thus, if the A-plane is mapped onto the 
plane defined by 
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A(A) =an(A) +¢22(d) —]a(a)| —1 (14) 


then the values of \ corresponding to 
roots of A(A) will predict the natural re- 
sponses of the network after the trans- 
mission loop is closed. This will be illus- 
trated in the following section by applica- 
tion of the criterion to the circuit shown 
in Figure 1. 

An additional point is, of course, that 
the criteria do not indicate the stability 
of the open-loop connection, but predict 
the conditions after the loop is closed. In 
networks employing bilateral networks, 
the oscillations present on open loop may 
well cease when the transmission loop is 
closed. The stability of open-loop condi- 
tions must be investigated independently 
in an identical manner. 


Application of the Generalized 
Matrix Criterion 


As an example of the application of the 
generalized transmission matrix stability 
criterion, consider Figure 4. This shows 
the feedback network of Figure 1, but 
now emphasizing the tandem connection 
of double-dinodes. 

The over-all transmission matrix for 
the open loop shown in Figure 4 is given 


[a°] = [a"]. [a?]. [a?] (15) 
in which 


1 fi (g0+£c+£p) 


fa") = 
£m — £cl_ — (a+ Bet 89) (Z0-+¥e+ gp) — 


al 
‘| (16 
&c(2m—c) — seis | Ge) 


1 0 
ia] Bee ‘| es 


and 


1/=+ 0 
mf 
g/=n =n 
Performing the operation indicated by 
equation 15 and substituting the results 


into the generalized criterion, equation 
12 


(18) 


A(A) =an°+a99—|a°| —1 
then yields 


A(h) =£at go+4ect 29+ 2p t+ g1r0+ £1 — 
2mt-AC+1/AL (19) 


£m — &e 


in which the transformer turns ratio is 
taken as n= —1. 

Equation 19 may be employed in 
several different ways. For example, the 
circuit conditions for the initiation of 
spontaneous oscillations are given by 
equating the real and imaginary parts of 
equation 19 to zero, which gives: 
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Satget4sect got gp t+giet & = sm (20a) 


oC+1/jol =0 (20b) 


Another possibility — in view of the 
simplicity of equation 19 — is to solve 
for the complex roots \=o +jw of A(A)=0; 
these roots are the coefficients of the ex- 
ponents of the exponential terms of the 
network transient response. It will be 
found that the parameter magnitudes 
tabulated in Table I lead to the following 
results when substituted into equation 19 
and the roots of A(A) computed: 


Condition I 
Threshold of oscillations 


Roots of A(A) 
1 =64+7 0.995we 
d\2=64—F 0.995a0 

Condition II 
Nonoscillatory 
(wo = 271,006) 


Ar = —1,018+70.986wo 
Az = —1,018 —j0.986a0 


It is evident that Condition I parameters 
yield a pair of complex roots with a small 
positive real part and predict oscillations 
of the circuit shown in Figure 4 upon 
closing the loop. Condition II param- 
eters lead to complex roots with nega- 
tive real parts and thus predict that sus- 
tained oscillations will not result upon 
closing the loop. Both sets of computa- 
tions agree with the physics of the prob- 
lem. 

Another presentation which situates the 
phenomena in a very clear light, as pre- 
viously mentioned, is to map the A-plane 
onto the A(A)-plane for the two sets of 
numerical data given in Table I. This 
has been done in Figure 5, and provides a 
means for determining the type of oscil- 
lations which will ensue in the closed net- 
work. It will be noted that the jw axis of 
the A-plane mapped onto the A(A)-plane 
separates the regions of positive o from 
those of negative oc. 

For Condition I parameters, the areas 
in the locality of \=0=+7271,000 of the A- 
plane map onto the region of zero of A 
(A). This indicates that oscillations just 
take place in the closed-loop network, for 
the points A(\)=0, or the roots of A(X) 
correspond to A=o+jw=64X 10+ j27- 
995 on the \-plane. 

For Condition II, the areas in the 
vicinity of A(A)=0, or the roots of A(A), 
correspond to the areas in the vicinity of 
A\=o+jo=—1018X10* 727986 on the 
A-plane. In other words, all transient 
waves damp out in the closed feedback 
loop circuit, and sustained oscillations will 
not take place. 

Additional. nteresting deductions may 
be drawn from Figure 5. For example, 
if the network conductances shown in 
Figure 4 are adjusted progressively so 
that the real part of equation 19 becomes 
increasingly negative (LZ, C, and thus w 
being kept unchanged), it may be seen 
that the network would oscillate with in- 
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creasingly positive exponential magni- 
tudes and at slightly decreasing frequen- 
cies. For small changes of the circuit 
parameters, this is easily demonstrated 
experimentally. Further increase of the 
negative real part of equation 19 will re- 
sult finally in A-roots with positive real 
parts only. That is, when the net real 
part of equation 19 is made more nega- 
tive by increasing gm (C, L, and thus ap re- 
maining unchanged), then there are no 
longer oscillations with an imaginary jw 
frequency. Rather, the oscillations must 
be interpreted as of zero frequency, but of 
exponential form increasing rapidly with 
time, in spite of the fact that the network 
incorporates a tuned inductance-capaci- 
tance network. This appears to substan- 
tiate qualitatively the well-known condi- 
tion of the blocking oscillator, wherein 
such exponential oscillations are initiated 
but with amplitudes which immediately 
go beyond the linear portions of the tube 
characteristic (for which this linear analy- 
sis holds), and thereby gives rise to the 
well-known multivibrator actions. Quan- 
titative data unfortunately are rather 
difficult to obtain in this region since it 
emphatically represents a run-away con- 
dition. 


Conclusions 


For circuits with clearly defined trans- 
mission loops, the elegant and powerful 
matrix methods of computing the circuit 
performance are well known. The useful- 
ness of these methods has been enhanced 
by the derivation of the generalized trans- 
mission matrix stability criterion, which 
is particularly useful for feedback cir- 
cuits. This criterion predicts the closed- 
loop behavior of networks from matrix 
coefficients derived from the open trans- 
mission loop. Unlike the similar (but 
more limited) 48 —1=0 nile, the general- 
ized matrix criterion applies to transmis- 
sion networks with bilateral transmission 
properties, and the transmission loop 
for which the matrix coefficients are com- 
puted may be cut at any desired point at 
will. 

The specific examples of the application 
of the u8—1=0 rule and the generalized 
matrix criterion to a definite network 
serve to illustrate the theoretical deduc- 
tions and to emphasize that only the 
latter predicted stability in accordance 
with the physics of the problem. 

Finally, it should be clear that the ma- 
trix criterion derived applies not only to 
purely electric networks. The matrix 
criterion applies equally well to electro- 
mechanical networks, or servomechanisms 
to use Hazen’s term. In fact, the ma- 
trix criterion was deduced during the 


Honnell—The Generalized Transmission Matrix Stability Criterion 


course of an investigation of the stability 
of an electromechanical transducer 
(which employs feedback) for the testing 
of seismometers.1® 
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Discussion 


Banesh Hoffmann (Queens College, Flushing, 
N. Y.): In his interesting paper on the cri- 
terion for stability, Professor Honnell ex- 
presses his results in terms of the compo- 
nents of the transmission matrix; and, as I 
understand it, the versatility of his criterion 
stems directly from the use of this matrix. 

The following remarks may serve to am- 
plify some aspects of his work and to point 
up the versatility of his criterion by showing 
how the same general ideas look when ex- 
pressed in terms of impedance and admit- 
tance matrices. 

Let us write Honnell’s equation 6 in the 
form 


Ey] _[ZnZm | [hs 
Ries [ ‘| ‘S 


AIEE TRANSACTIONS 


This is done by first writing his equation 6 
in the expanded form 


Ey =°En—Gin"In 


Ty =n’ En —OnnIn ; (2) 
and then solving for Ei, Ey, in terms of J;, 
bie 


The computation is quite straightforward, 
and yields the result 
Vi 


aa @ 
E,=—; 1+ | ty, 

mi ani 

1 lane 
a Sates In (3) 
3 ani ani 


From this we infer that 


0 0 
ay la | 
Zn= 0? Zin= 0 
Ont ani 
1 Onn. 
LZu= o Znn= Dar (4) 
ani ani 


On solving these equations for the a’s in 
terms of the Z’s, we find that 


Zu [Z| 
ae oie (i aiede 
an Z, 1 Din ae 
1 9 2nn 
Sa a 5 
ani is ann Zon (5) 
and also that 
Zin 
a= 6 
eam (6) 


Thus, using equations 5 and 6, we find that 
Honnell’s expression A(X), defined in his 
equation 12, takes the form 


A(A) =dy!+ann? — |a° —1 


1 
=ZNZutZnn —Zin—Zm} (7) 
ni 


The numerator of the expression on the 
right of equation 7 has a simple physical 
interpretation. For, consider the effect of 
closing the feedback loop on the double 
dinode network in Honnell’s Figure 3. Be- 
fore closing the loop, the network has an 
impedance matrix 


Zu Zin 
i-|7 Z | (8) 


\ 
After closing the loop, its impedance matrix 
reduces to a single element, the value of 
which may be found by inspection, or by 
applying a Kron transformation to the ma- 
trix in equation 8. Let us use the latter 
method. 

Since we are dealing with impedances 
rather than admittances, we are concerned 
with the currents produced by impressed 
electromotive forces rather than with the 
electromotive forces produced by impressed 
currents. Thus, we interpret the closing of 
the feedback loop as imposing a constraint 
on the currents so that 


Map (9) 
_ This may be written as the transformation 
_ Psi, I”=-I (10) 
or 
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7 


(11) 


Using the transformation matrix defined by 
equation 11, we now have for the new im- 
pedance 


Zu Zin 1 
eases te 


=ZytZnn—Zin—Zni (12) 


Thus the numerator in the expression on the 
right of equation 7 is just the impedance of 
the network that results when the feedback 
loop is closed. For the circuit to be oscilla- 
tory Honnell’s criterion amounts to the 
familiar requirement that this impedance be 
ZerO. 

If the impedance is zero, a zero impressed 
electromotive force can give rise to nonzero 


currents. The total impressed electromo- 
tive force is EK — En. To reduce this to 
zero, we must have 


Honnell applies the restraints, equations 9 
and 13 simultaneously. If we do this on 
equation 1, we find 


i, = (Zu —Zm)l; 


Ey, = —(Zn=Znn)h (14) 
from which we at once obtain 
Z4+Znn—Zin—Zni=0 (15) 


From what we have written so far, there 
does not appear to be any marked advantage 
in the use of the transmission matrix. In- 
deed, the derivation of equation 15 by the 
imposition of the double restraint is infini- 
tesimally quicker than the corresponding 
derivation of Honnell’s criterion. 

But let us now consider the case in which 
we are interested in the electromotive forces 
produced by impressed currents. Here we 
are concerned with admittances rather than 
impedances. We, therefore, wish to express 
Honnell’s equation 6 in the form 


p yu y™ ie 

LA aed ail 
The procedure is similar to that in the pre- 
ceding case. We write Honnell’s equation 6 


(16) 


in the form 
Gane a? 
i a pele 
in in 
1 aa’ 
In=—-—GEt+—; En (17) 
In ain 
from which we infer that 
yu ann Vii |a?| 
im ain? 
a 
yu — Sa yr — = (18) 
Ain Qin 


find 


é ae 1 
ay yu’ Gin yr 
VA yi 
ani” za Onn = — Tai (19) 
and 
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yi” 
y™ 


|a’| = (20) 


Thus Honnell’s expression A(A) now takes 
the form 
A(A) =an’+ann’—|a?|—1 


Sch LeU UE bel) 

The numerator of the expression on the 
right of equation 21 turns out to be the 
admittance, Y, of the network that results 
when the feedback loop is closed. Honnell’s 
criterion here amounts to the familiar re- 
quirement that this admittance be zero. We 
may obtain this result directly by applying 
the simultaneous restraints, equations 9 and 
13 to the basic equation 16, just as in the 
impedance case above. 

The impedance and admittance cases are 
distinct. If they were not they would be 
contradictory, for setting Z equal to zero 
would imply that Y was infinite, and vice 
versa. The distinction apparently arises 
from the fact that when we are concerned 
with impedances, we regard the electromo- 
tive forces as impressed, and thus probe the 
closed-loop network at a mesh; while when 
we are concerned with admittances, we treat 
the currents as impressed, and therefore 
probe the network at a junction pair. 

The interesting thing is that Honnell’s 
single expression A(A) handles these two 
cases equally. This is in keeping with his 
remark that his method applies no matter 
where one cuts the transmission network. 


Laurence G. Cowles (Bellaire, Tex.): Mr. 
Honnell’s paper, according to the author’s 
own conclusions, presumes to enhance the 
usefulness of the elegant and powerful 
matrix methods of computing circuit per- 
formance by the derivation of a generalized 
transmission matrix stability criterion. 

In a brief critique of Nyquist’s method 
the author first demonstrates that the 
Nyquist test is not applicable to a simple 
network, see Figure 1 of the paper. Since 
the author completely ignores the loading 
effect of the grid circuit upon the plate of 
the tube it is misleading to imply that even 
a first approximation of Nyquist’s method 
has been attempted. I find that on making 
simple approximations to the input grid 
load, including feedback, one obtains a 
measure of stability in agreement with that 
secured by the author’s elaborate matrix 
method. The real difficulties of Nyquist’s 
method have been discussed in detail by 
Bode and need not be elaborated upon here 
but the source of the difficulty is not that 
obvious approximations cannot be used in 
such elementary examples. 

The author’s definition of the term 
double-dinode is inadequate, therefore a 
detailed description should be given of the 
constraints placed on a 4-terminal network 
functioning as a double-dinode. Is a special 
term really necessary? 

Equations 8 and 10 arise because a net- 
work closed upon itself is subject to certain 
restrictions. These equalities are called by 
the author, “special stability criterions.” 
Actually, equations 8, 10, and 12 exist re- 
gardless of whether or not the network is 
stable and therefore cannot be criterions 
(that is, a test) of stability. Moreover, con- 
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trary to the author’s statement these rela- 
tions cannot hold for all time because times 
prior to the closing of the transmission net- 
work must be excluded. 

The succeeding section of the paper is, ‘“‘a 
generalization of the special transmission 
matrix stability criterions . .. . obtained in 
an analogous manner.”’ Since the problem 
of stability was treated over a half century 
ago by Routh, Hurwitz and others who have 
shown simply how stability could be deter- 
mined from the characteristic equations (in- 
cluding very general systems), I would like 
to know how the author’s equation 12, which 
is restricted to a special class of networks, is 
more convenient, simpler, or, in fact, dif- 
ferent from the classical treatment of the 
problem when applied to closed systems as 
outlined, for example, in Section 7.4 of 
Bode’s book. 

A final section of the paper is an applica- 
tion of the matrix methods to an oscillator 
of the simplest type. Prior discussion in the 
paper has been concerned with the stability 
of feedback amplifiers presumably degenera- 
tive. However, connected degeneratively 
the example is obviously stable, whereas, the 
most elementary possible test of the sta- 
bility criterion. is afforded by the in-phase 
connection. A much more illuminating ex- 
ample of the application of matrix algebra 
and of the generalized stability criterion 
would be afforded by a_ consideration 
of the stability of a servo-system of 
moderate complexity having at least three 
feedback paths with reactances at 
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several points throughout the network. 

The author’s example is a bit unfortunate 
as it fails to demonstrate that the matrix 
methods effect some simplification. In fact, 
in more complex problems the solution for 
the roots of the characteristic equations soon 
become so difficult that it is unlikely matrix 
algebra could appreciably simplify any 
really practical problem. Further, on clos- 
ing the loop in Figure 1, five of the six resis- 
tors are simply in parallel and the 1:1 trans- 
former only changes sign so that both 
Figures 1 and 4 boil down to the simplest 
form of tuned plate oscillator. Matrix alge- 
bra was never intended as a substitute for 
simple arithmetic or for the carrying along 
of factors directly additive. Obvious trivi- 
alities must be stripped from problems long 
before we can afford to limit scientific litera- 
ture to those who have been able to acquire 
an understanding of matrix notation and 
skill in the use of matrix algebra. 

In closing, I would point out that Mr. 
Honnell has overlooked inclusion, in his ex- 
tensive bibliography, of reference to several 
volumes treating with feedback systems. 
Introductions to advanced methods usually 
begin with a careful discussion of the diffi- 
culties in the classical approach. Everday 
problems have now reached such a state of 
complexity that their solution is usually 
handled by a specialist, consequently rela- 
tively few people know of and understand 
the tremendous progress represented by 
the work of present day pioneers in the 
theory of feedback systems. 
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Pierre M. Honnell: Dr. B. Hoffmann’s dis- 
cussion penetrates directly to the heart of 
the matter. He shows very clearly that the 
generalized transmission matrix stability 
criterion is an alternative method of express- 
ing the stability condition given by the 
vanishing of the impedance and admittance 
of the closed transmission loop, correspond- 
ing to the two modes of probing the net- 
work. It is clear that the stability of a net- 
work, when stated in terms of electromotive 
forces and currents, must rest ultimately 
upon Kirchoff’s Laws. The [Z] and [Y] 
matrices are direct expressions of these 
laws, and Dr. Hoffmann therefore quite 
accurately interprets the transmission ma- 
trix criterion in terms of these more familiar 
expressions. 

Except for the concepts involved (which 
are fundamentally interesting and important 
in their own right) the question of which cri- 
terion is the most convenient for a specific 
example depends upon the network. This is 
analogous to the problem of whether the [Z] 
or [Y] matrix is the more useful in a given 
situation, which is decided principally by 
the network topology. Similarly, the trans- 
mission matrix is preferable for those net- 
works for which the wave transmission 
properties are emphasized. That is, for 
topological configurations consisting of a 
transmission loop constructed of a number 
of double-dinodes connected in tandem. 
Here the advantages of the matrix analysis 
and of the transmission matrix stability 
criterion are pre-eminent. 
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Loci of Complex Impedance and 


Admittance Functions 


EDWARD L. MICHAELS 


ASSOCIATE AIEE 


HE aim of this paper is to present a 
systematic and useful investigation 
of the loci of complex impedance and ad- 
mittance functions of various combina- 
tions of 2-terminal, 3-element, linear, 
dissipative networks at all frequencies. 
The curves are extremely useful in the 
solution of many electrical engineering 
problems because of the direct, straight- 
forward manner in which they show 
graphically the resistive and reactive 
components of complex impedance and 
admittance, the magnitude of impedance 
and admittance, and the phase shift at all 
frequencies between zero and infinity. 

Curves of impedance and admittance 
in the complex plane not only give a large 
amount of useful information, but also 
reveal that the 16 possible combinations 
of 2-terminal 3-element networks fall into 
four main groups of four networks each. 
The important relationships which exist 
among the four networks of each group 
further enhance the usefulness of the 
curves. These relationships involve the 
concepts of inverse, reciprocal, and 
equivalent networks. 

The first important concept is that of 
inverse networks. Two networks with 
impedances Z, and Z, are each the in- 
verse of the other with respect to a real 
constant R if they satisfy the relation 


Z,Z2= R? (1) 
or 
Y, Y, = 1/R? (2) 
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where Y; and Y2 are the admittances of 
the two networks. Corresponding ele- 
ments appearing in the inverse networks 
are related by 


L/C=R? (3) 


where L is inductance in henrys, C is 
capacitance in farads, and R is resistance 
in ohms. Thus, the inverse of an induct- 
ance is a capacitance, and vice versa. 
Furthermore, elements appearing in series 
in a given network appear as inverse ele- 
ments in parallel in the inverse network, 
as indicated in Figures 1 and 2. Con- 
versely, elements appearing in parallel in 
a given network appear as inverse ele- 
ments in series in the inverse network. 

As an example of inverse networks, 
consider the two networks in the upper 
half of Figure 1. The impedance of the 
parallel resistance-capacitance combina- 
tion is, in normalized form, 


41/R=1/(1+joRC) (4) 


To find the impedance of the inverse net- 
work, a series resistance-inductance net- 
work, equation lis used. The normalized 
impedance is, therefore, 


Z2/R=1/(2Z,/R) (5) 
=1+jwoRC (6) 


However, equation 6 is not correct until 
C is replaced by its inverse, L, in accord- 
ance with equation 3. Thus, 


Z2/R=1+joR(L/R?) (7) 
Equation 6 in correct form is then 
Z./R=1+jwL/R (8) 


The second important concept deals 
with reciprocal networks. Two net- 
works are the reciprocal of each other if 
(1) the impedance of one is the conjugate 
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of the impedance of the other, (2) the 
normalized frequency of one is the re- 
ciprocal of that of the other, and (38) 
corresponding elements are inverse in 
accordance with equation 3, but with the 
configuration of the network unchanged. 
An example of two reciprocal networks is 
shown in the right half of Figure 1, The 
normalized impedance of the series re- 


sistance-inductance network is given 
by 
22/R=1+j(F/Fo) (9) 


where the ratio F/Fy is defined as the 
normalized frequency. For this network 


it is 

F/Fyp=oL/R (10) 
where 

Fo=R/2aL (11) 


is defined as the critical frequency and F 
is the frequency. 

The reciprocal of the series resistance- 
inductance network is, as shown in Figure 
1, a series resistance-capacitance net- 
work. To find its normalized impedance 
2Z3/R from equation 8, the first step is to 
take its conjugate, as follows: 


Z,/R=1—joL/R (12) 


The next step is to take the reciprocal of 
its normalized frequency: 


Z;/R=1—jR/oL (13) 


The last step is to replace L by its in- 
verse in accordance with equation 3. 
Then, the correct equation becomes 


Z,/R=1—jl/oRC (14) 


Inspection of Figure 1 will confirm that 
elements appearing in series in a given 
network will appear as inverse elements 
also in series in the reciprocal network. 
Similarly, elements in parallel in a given 
network also appear as inverse elements 
in parallel in the reciprocal network. 

The third important concept is that of 
equivalent networks. Two networks 
with impedances Z, and Z, are equivalent 
if 
LyaZy (15) 
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Figure 1. Normalized complex impedance curves for Q-element Figure 2, Normalized complex impedance curves for the four networks 
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networks 1 and 2, respectively bey changed 
Wy jo4 
NOP en tp pe j0.2 
0 at 


-j04 \ WSAES Res 
Hie \\ < ESS ies 
TINA SE 


al Sere 
“sal WW 


BR FOR NETWORK NO. 2 
S 
> 


E 


NORMALIZED REACTANCE X/R FOR NETWORK NO. I OR 


NORMALIZED REACTANCE X/R FOR NETWORK NO.! OR 
NORMALIZED SUSCEPTANCE BR FOR NETWORK NO. 2 


S 
= -j10 
a. 
E = jl.2 AS Al 
8 1.4 - 
y oJ 3 =jl.4 
= \ | J 
eee : 5 
& -o 44+. S_ 
\ iy is Se) 
2). just 
0 O02 O04 06 O08 LOn 2 14 IGPRRLBe 202d: So 0 02 04 O68 O8 lo 12 l4 16 I8 20 22 24 


NORMALIZED RESISTANCE +/R FOR NETWORK NO. | OR 


NORMALIZED RESISTANCE /R FOR NETWORK NO. | OR 
NORMALIZED CONDUCTANCE GR FOR NETWORK NO, 2 


NORMALIZED CONDUCTANCE GR FOR NETWORK NO. 2 


IMPEDANCE CURVES FOR NETWORK NO.1 ADMITTANCE CURVES FOR NETWORK NO. 2 IMPEDANCE CURVES FOR NETWORK NO.I: | ADMITTANCE CURVES FOR NETWORK NO. 2 
F/E = WRC R L F/E,= WLR R R L R 
; a L WR wh/R F/E= WRC i 
E « V2nkt BR - Rent fe = R/2nL F = W/2nkC 
K = L/R2C r K = R2C/L 3 K = L/R2C 5 K = R2C/L C 


300 Michaels—Loci of Complex Impedance and Admittance Functions ATEE TRANSACTION § 


S_ jo, ! im 
NE So lN\2 

Ey i 
oe J0.8 

xs 1 f 1 

SE ios e uae 36 
GH dollodo Teter Sri; Notate 
2 rez es op 

aes Ge ) 

ee ll : 

« & jo2lHA 

Xe «= 

w2 of 

ze \ 

Fw 

eB -j02 

cn 

B&B -jo4 

z2Z2 88 

eee -j06™ 2 2 

SS 

Ss 61.02) 10406 08% 10 


NORMALIZED RESISTANCE r/R FOR 
NETWORK NO. 2 OR NORMALIZED 
CONDUCTANCE GR FOR NETWORK NO. | 


IMPEDANCE CURVES FOR NETWORK NO. 2 


F/E= WRC 1 ; 
F, = /2 reRC 
K = L/R2C 

C 
ADMITTANCE CURVES FOR NETWORK NO.| 
F/F,= wL/R R L 
RB R/2nL - 
K = R2C/L 

C 


Figure 5. Detailed plot of complex imped- 
ance and admittance for networks 2 and 1, 
respectively 
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imaginary components of normalized 
impedance are plotted along the real and 
imaginary axes of the complex imped- 
ance plane, respectively. A nonuni- 
formly distributed scale of normalized 
frequencies, F'/Fo, exists on each of the 
four plots. In the cases of the semi- 
circles, the entire range of frequencies is 
covered, from zero to infinity. Knowing 
the values of the parameters in any of 
these networks, it is readily apparent that 
the impedance of the network may be 
found graphically at any frequency either 
in complex or in polar form. 

The same type of plot shown in Figure 1 
for 2-element networks is shown in Figure 
3 for four 3-element networks. Since an 
additional variable is introduced by the 
extra element, a family of curves results. 
For example, the resistance-inductance- 
capacitance network of the upper left 
section of Figure 2 differs from the re- 
sistance-capacitance network of the upper 
left section of Figure 1 only by the addi- 
tion of an inductance in series with the 
resistance. As the size of the inductance 
is increased, the original semicircle bulges 
out further and further. Each curve of 
the resulting family of curves corre- 
sponds to a certain value of K, which in 
this case is directly proportional to L fora 


given R and C; 
K=L/R?C (16) 


A more detailed plot for this network is 


NORMALIZED REACTANCE X/R FOR NETWORK NO. 2 OR 
NORMALIZED SUSCEPTANCE BR FOR NETWORK NO. | 


O02 0405. 0.8" 10 
NORMALIZED RESISTANCE +/R FOR 
NETWORK NO. 2 OR NORMALIZED 
CONDUCTANCE GR FOR NETWORK NO. | 


IMPEDANCE CURVES FOR NETWORK NO. 2 


F/F= WLR : B 

F, = R/2nL 

K = L/R2C : 
ADMITTANCE CURVES FOR NETWORK NO.1 
F/F, = WRC é 

F = |1/2nRC 

K = R2C/L atid 


C 


Figure 6. Replot of Figure 5 w'th the nor- 
malized frequency parameter changed 
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Figure 9 (left). Detailed 
plot of complex imped- 
ance and admittance for 
networks 6 and 5, re- 
spectively 


Figure 11 (right). De- 
sign of a low-pass filter 


with extremely low 
phase shift in the pass 
band 
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shown in Figure 3. Corresponding values 
of normalized frequency F/ Fy on each K 
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fixed inductance and variable frequency 
a K curve becomes the impedance locus. 


Figure 10. Relationships among the various networks in each of the 


four basic groups 
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Figure 12. 
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For a fixed frequency and variable in- 
ductance an F/ Fy curve becomes the im- 
pedance locus. Impedance curves for the 
same network also are plotted in Figure 4. 
Here, however, F/F) was chosen as 
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wL/R instead of wRC. Both Figures 3 
and 4 represent the admittance curves for 
the corresponding inverse network. 

The two plots shown in the upper half 
of Figure 2 are the inverse of each other 
with respect to R. A more detailed plot 
for the network in the upper right section 
of Figure 2 is shown in Figure 5. If the 
valtte of F/F) is changed from RC to 
L/R, the resulting curves will be those 
shown in Figure 6. The four networks of 
Figure 2, whose detailed curves are shown 
in Figures 3-6, constitute the first group 
of the four groups into which the 16 3- 
element networks have been classified. 
All four groups and 16 networks are tabu- 
lated in Figure 10. 

The second group of networks is shown 
in Figure 7. The curves of the upper left 
and right sections are shown in more de- 
tail in Figures 8 and 9, respectively. 


Applications 


In one application a low-pass filter 
was designed to have very low phase 
shift from zero to 150 cycles per second. 
Use was made of the curves of Figures 5 
and 9 for this design. The series arm of 
the filter, shown in Figure 11, consists of a 
combination of the network of Figure 5 
for K =0.2 and of the network of Figure 9 
for K=0.5. With these two networks in 
series, the phase shift of one canceled the 
phase shift of the other over the low- 
frequency range. The shunt arm of the 
filter consists of the inverses of these two 
networks. Thus, Figures 5 and 9 give 
the impedance curves for the networks in 
the series arm and the admittance curves 
for the networks in the shunt arm. The 
performance of this particular filter is 
shown in Figure 11. 

In another application a wide-band 
amplifier was designed to have a variation 
in gain from the mid-band value of less 
than 0.2 decibels and a phase shift of less 


(( 


than 25 degrees between 5 cycles per 
second and 4.5 megacycles. A high- and 
low-frequency compensation network was 
designed, as summarized in Figure 12. 
The curves of Figure 3 were used for the 
high-frequency compensation, whereas 
the curves of Figure 8 were used for the 
low-frequency compensation. 


Conclusions 


Detailed impedance and admittance 
loci for several commonly used 2-terminal 
3-element networks have been presented. 
The relationships existing among net- 
works belonging to each of several groups 
were given. 

Two applications were given to illus- 
trate the usefulness of the curves. The 
number of possible applications is un- 
limited. As familiarity with the curves 
is gained, many specific applications sug- 
gest themselves. The curves are useful 
not only in communications, but also in 
connection with control circuits and other 
phases of electrical engineering. 

The curves of normalized impedance 
and admittance presented here are par- 
ticularly useful because of the wealth of 
information they contain. Network be- 
havior is shown more completely and 
directly than by any other type of plot. 
The curves are especially useful in deter- 
mining the most useful frequencies for 
accurate calculations and in showing 
readily the frequency ranges in which the 
effects of certain elements may be neg- 
lected. 


Appendix 


or 
21 14 5(F/ Fy) K (18) 
Rl 1—(F/Fo)?K-+-j(F/ Fo) 

where 

F/Fo=w0RC (19) 
and 

KG TOERAG: - (20) 


By changing the normalized frequency as 
follows, 


F/Fy=oL/R, (21) 
equation 17 becomes 


2 1+j(F/Fo) 


= —— a (22) 
R 1—(F/Fo)?K + 7(F/ Fo) K 
where 
ISI RACING, (23) 


A plot of equation 22 is shown in Figure 4. 
The curves of Figures 5 and 6 are the in- 
verses of Figures 3 and 4, respectively. 

The normalized impedance of network 
number 5, shown in Figure 8, is 


Zs 14+K+j(F/Fo) 


R, 149(F/F) oe 
where 

F/Fo=oR:C (25) 
and 

K=R/R (26) 


The impedance of network number 8, the 
equivalent of network number 5, is 


eS 
Ze 14+K+4+j(F/Po)\ K 
Ri 14+9(F/ (Ea) 
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K 27 
The impedance of network number 1, ee 
whose impedance curves are shown in Figure where 
3, is given by 
F/Fy=wR2C (28) 
1+ pl 
A 2 uf R ai and 
R  1—w*LC+joRC K=R2/R (29) 
No Discussion 
3038 
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Contact Transients in Simple Electric 


Circuits 


FRANK E. MARTIN 


NONMEMBER AIEE 


Synopsis: The proper functioning of elec- 
tric contacts is of great importance. Much 
work has been done on contacts,!? but com- 
paratively little has been done on types of 
transient phenomena occurring at circuit 
break in inductive d-c circuits and their 
relation to contact erosion. Some work 
was done on transient types occurring at 
circuit break in telephone relay circuits by 
A. M, Curtis and his associates at the Bell 
Telephone Laboratories.? This study dealt 
with transients in d-c circuits, including the 
fixed inductance of a relay winding and the 
small distributed capacity of a line wire, 
and embodied a study of the effect on the 
transient phenomena of changing the length 
of the line wire. The present investigation 
covered the variation of transients occurring 
for a fixed contact pair over a range of 
lumped inductance and lumped capacity 
values in a contact circuit; in addition, 
effects on the transients of varying the 
steady-state current (by steady-state cur- 
rent is meant the current immediately pre- 
ceding circuit break), the voltage impressed 
on the circuit, and the circuit resistance were 
studied. 


Procedure 


HE circuit shown in Figure 1 was 

used for this study. Capacity was in- 
troduced into the circuit at either of the 
positions indicated by the dotted lines. A 
single pair of silver alloy contacts in a 
telegraph key was employed throughout. 
The impressed electromotive force, always 
less than 100 volts, was provided by 
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storage cells and a potential divider. 
Steady-state currents did not exceed 0.50 
ampere. 

Voltage transients were observed with 
an oscilloscope. Synchronized single 
sweeps were obtained by using a separate 
triggering circuit combined with a syn- 
chronizer employing delay circuits. With 
the voltage transients no amplifier was 
necessary. Leads from the contacts were 
short circuited through a 10-megohm 
potential divider and the voltage obtained 
from the divider was impressed directly 
on the deflecting plates of the oscillo- 
scope. Another 10-megohm variable re- 
sistor was shunted across the line from the 
contacts and adjusted to eliminate 60- 
cycle ripple. The input circuit com- 
prised of these two resistors provided the 
d-c return from the plates necessary for 
unbalanced signals. A high value in the 
recommended range of return resistance 
was chosen to minimize the effect of the 
measuring equipment on the phenomena 
being observed. Current transients were 
observed with a conventional oscillo- 
scope. Timing oscillograms were inter- 
spersed between those of the transients. 
Measurements of the durations of tran- 
sient components were restricted to re- 
gions of the oscillograms for which the 
sweep voltage was sufficiently linear for 
accurate relations to be established. 
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Experimental Results 


Mr. Curtis identified two distinct types 
of transients, which he designated “A” 
and ‘‘B,” and a mixed type. The classi- 
fication was based on voltage charac- 
teristics. Transients corresponding to 
the ‘“‘A”’ type are shown in Figures 2 and 
3. These were characterized by a voltage 
plateau at about 300 volts, which was 
accompanied by a bluish-violet dis- 
charge at the contacts. Such plateaus 
frequently were preceded for short periods 
by the complex phenomena described 
in the following paragraphs, which for 
convenience we have designated as 
strikeovers. For steady-state currents 
above about 0.15 ampere, the plateaus 
frequently were preceded by arcs striking 
at about 12 volts. Such an arc is shown in 
Figure 8, and if both impressed voltage 
and steady-state current were high, as 
was the case here (90 volts and 0.5 am- 
pere), voltage oscillations between are and 
plateau levels frequently were observed. 
An arc-like discharge at about 70-130 
volts, which was observed several times 
under similar conditions, also is shown in 
Figure 8. 

“B” transients are shown in Figures 4 
to 6. These consisted of a series of 
strikeovers or relaxation oscillations with 
high maximum voltages beginning at 
about 300.volts. In general the maximum 
voltages of successive strikeovers in- 
creased gradually, presumably because 
increased contact gap length led to in- 
creased breakdown voltage. Frequently 
a low-voltage arc occurred at the be- 
ginning of each strikeover. The rising 
and perforated lower base lines (zero 
contact voltage lines) in Figures 5 and 6 
are evidences of these arcs (see Figure 8). 
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Under these conditions, a greenish dis- 
charge was observed at the contacts. 
The “B’’ transient varied in frequency 
and maximum voltage with the capacity 
shunted across the contacts or the coil. 
Mixed plateau and strikeover transients 
were found, as in the earlier investiga- 
tion.? In the present work plateau frag- 
ments were observed interspersed be- 
tween strikeover series, and initial pla- 
teaus often gave way to strikeovers. 

A comparison of Figures 2 to 7 with 
Figures 18 to 24 in Mr. Curtis’ work 
shows that the sequence of transients ob- 
tained by shunting increased capacity 
across the coil was very similar to that 
obtained by lengthening the line wire. 
The greater transient duration in the pres- 
ent series is explained by the presence of 
greater inductance (nominal value 5 
henrys) and capacities in the circuit. 
The transition series of Figures 2 to 7 was 
obtained for an impressed electromotive 
force of 90 volts and a steady-state cur- 
rent of 0.30 ampere. However, a similar 
transition sequence for increasing shunt 
capacities was observed for impressed 
voltages from 30 to 90 volts and steady 
currents from 0,05 to 0.50 ampere, and for 
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Figure 2 (left). 


Plateau transient, 
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Figure 4 (right). 
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Figure 3 (left). 
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Figure 5 (right), ” 
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° 
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an inductance as low as 520 millihenrys. 
Apparently the following relations are 
true for any values of impressed voltage, 
steady-state current, and inductance for 
which plateau transients may be observed: 


1. For low shunt capacities plateau tran- 
sients predominate. 


2. As the shunt capacity is increased pla- 
teau transients give way to strikeover and 
mixed transients with the former pre- 
dominating. 

8. These in turn give way for high capaci- 
ties to damped sinusoidal phenomena similar 
to those terminating the other transients. 


Damped sinusoidal waves terminate all 
the voltage transients in the figures and, 
when the shunt capacity was sufficiently 
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great, the transient phenomena consisted 
entirely of these waves, as in Figure 7. 
No discharge was seen at the gap under 
the conditions of Figure 7, nor was any 
distortion of wave form of the type ac- 
companying gaseous discharge observed 
in any of the damped sinusoidal wave 
series. No contact current could be de- 
tected oscilloscopically during the ter- 
minal voltage waves, except for a very 
small damped sinusoidal current, flowing 
presumably by virtue of the capacity of 
the contacts and associated structures. 
Apparently the waves were initiated 
when, as the contact gap lengthened, the 
voltage was not adequate to induce or to 
sustain gap discharge. 


Table I. Variation of Transient Characteristics with Current 
Steady- Initial Initial Plateau Terminal 
State Plateau Plateau Plateau Arc Duration + Arc Oscillation 
Current, Voltage, Voltage, Duration, Duration, Duration, Duration, 
Amperes Trial 1 Trial 2 Milliseconds Milliseconds Milliseconds Milliseconds 
(0)4{0) sje aera 4A Ommreros cio 0 Vain tee Cesena IA sa le aes cuca 8 OR OO Lia via water aaters PARLIN a 2 
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The sinusoidal voltage waves ap- 
peared to indicate merely an oscillatory 
transfer of energy between coil and capac- 
itor of the type to be expected in re- 
sistance-inductance-capacitance circuits 
for certain ranges of the constants.4 
The analogous highly damped terminal 
phenomena of the earlier study* would 
be expected for other ranges of resistance- 
inductance-capacitance values, and these 
were found for low shunt capacities when 
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a potentiai divider of lower resistance was 
used across the deflecting plates of the 
oscilloscope. 

For low values of inductance, as the 
inductance was increased, an interesting 
sequence of voltage transients was ob- 
served. For very low values, low-voltage 
damped sinusoidal transients were ob- 
tained. As the inductance was increased, 
the initial voltage peak of the wave ap- 
proached the plateau level (that is, a level 
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of approximately 300 volts) and, when it 
reached this level, a dark spot formed on 
it. For still higher inductance values, the 
spot broadened into a typical plateau. 


For the plateau transient the contact 
current is shown in Figure 9. This figure 
shows the slow rise in current following 
the make of the inductive circuit and in- 
dicates that the current had attained an 
almost steady state at the time of circuit 
break, as was true in all similar cases. At 
circuit break, as indicated by the discon- 
tinuity in the trace, initial current strike- 
overs of short duration occurred, evi- 
dences of which can be seen below the 
base line in Figure 9. The almost steady 
fall in current following the strikeover 
period corresponded with a similar fall in 
coil current and with the nearly steady 
plateau voltage, e= — L(di/dt), across the 
contact gap. Terminal sinusoidal current 
waves, masked by the base line in the 
oscillogram, could be observed visually in 
similar cases. 


For the strikeover transient the cor- 
responding changes in coil current are 
shown in Figure 10. As in Figure 9, the 
slow rise of current in the inductive 
branch of the circuit is shown. Current 
strikeovers are shown after the current 
break. In this type of transient a sharp 
voltage drop followed each gap break- 
down, and observation of transients con- 
sisting of a single strikeover showed that 
this drop was accompanied by a high 
surge current from the shunt condenser 
through the contacts. High surge cur- 
rents also were observed for transients 
consisting of multiple strikeovers. 


Circuit conditions which favored high 
surge currents at gap breakdown were 
the same as those that increased the 
probability that voltage strikeovers would 
occur to the exclusion of plateaus. Thus, 
increasing the shunt capacity was found 
to increase the surge current and the 
probability that voltage strikeovers would 
occur. Decreasing the circuit resistance 
or shunting a capacitor across the con- 
tacts instead of the coil (in which case the 
capacitor current did not flow through 
the circuit resistance), either of which 
should have heightened the surge current, 
was found to increase the strikeover 
probability. A curious effect of steady- 
state current on strikeover probability 
was noted. Increasing this current de- 
creased the relative number of strike- 
overs for low shunt capacity, but in- 
creased it for high capacities. 

Gap or contact conditions obviously 
influenced the probability that strike- 
overs would occur because, under identi- 
cal circuit conditions, plateau discharges 
sometimes, but not always, were pre- 
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ceded by initial strikeovers. At times 
plateau discharges were found for very 
high shunt capacities when strikeovers 
were to be expected; at times strike- 
overs were found for low capacities (even 
for a capacity comprised only of that of 
the key, coaxial cable, and so forth, and of 
the distributed capacity of the coil) when 
plateaus were to be expected. Blowing 
the breath directly on the contacts in- 
creased the relative number of strike- 
overs (as noted by Mr. Curtis); placing 
a drop of water between the contacts led 
to a long series of circuit breaks showing 
only strikeovers. 

In some protective circuits, capacitors 
are shunted across contacts to minimize 
arcing. In the present study it was found 
that shunting a capacitor across the con- 
tacts instead of the coil resulted in some- 
what better protection from initial arcing, 
in an increase in the number of strikeover 
transients and their duration, and in 
plateaus of longer duration when they 
occurred. With the capacitor across the 
coil, energy appeared to be dissipated in 
initial arcs that, in the other case, would 
have been expended in strikeovers or in 
plateau discharges of longer duration. 


Data were obtained on the variation of 
some transient components with changes 
in steady-state current. For constant 
impressed voltage, initial plateau voltage 
increased slightly with increasing steady 
current. Two sets of data on this effect 
are given in Table I and are represented 
graphically in Figure 11. Oscillograms 
for Trial 1 were taken over a four-day 
period, those for Trial 2 over a period of a 
few hours. Asa result of the method used 
in obtaining these data, the progressive 
changes in each trial are more significant 
than the differences between the trials. 

Data also were obtained on the varia- 
tion with steady-state current of plateau, 
arc, and terminal oscillation durations for 
an impressed electromotive force of 90 
volts. 

The graphs of Figure 12 bring out 
the relations observed. Arcing for the 
silver alloy contacts began at currents be- 
tween 0.10 and 0.20 ampere. Arc dura- 
tion increased slowly with currents less 
than 0.30 ampere and more rapidly for 
larger values. Plateau duration increased 
until a current of 0.30 ampere was at- 
tained and thereafter remained almost 
constant. These two increases comple- 
mented each other with the effect that 
the total duration (plateau plus arc) in- 
creased fairly uniformly throughout the 
entire range. Terminal oscillation dura- 
tions showed a very gradual increase with 
currents below 0.30 ampere and remained 
constant for higher values. 
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Summary 


Plateau, strikeover, and mixed tran- 
sients observed over a range of lumped- 
constant values in a contact circuit were 
similar to those found by Mr. Curtis in 
telephone relay circuits. Increase in 
lumped shunt capacity across the coil 
was found equivalent to increase in line 
length in the earlier work.? 

For all values of impressed voltage, 
steady-state current, and inductance 
which yielded clearly defined transients, 
the following transition sequence was ob- 
served: 


1. Plateau transients (with the plateau at 
a level of about 300 volts) predominated for 
low shunt capacities across the contacts or 
the coil. “Strikeovers of short duration fre- 
quently preceded plateaus. 


2. With increase in shunt capacity plateau 
transients gave way to strikeover and mixed 
transients, with the former predominating. 


38. A further increase in capacity led to 
transients consisting entirely of damped 
phenomena similar to those terminating the 
other transient types. 


Arcs often preceded any type of transient, 
especially under conditions of high im- 
pressed voltage and steady-state cur- 
rent. 

Circuit changes which resulted in an 
increase in the number of transients of the 
strikeover type were those which should 
have favored a high surge current at gap 
breakdown. 
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Discussion 


Frank Spayth and V. E. Heil (P. R. Mallory 
and Company, Inc., Indianapolis, Ind.): 
The authors have presented an excellent 
picture of what occurs when the capacitance 
across the contacts or inductance is varied 
with a fixed inductance. 

A similar type of phendmenon exists in an 
automobile ignition system. Our work has 
been concerned primarily with ignition sys- 
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tems using a 5- or 6-millihenry coil and 
capacitances varying between 0.01 to 0.5 
microfarad. The break current in the sys- 
tem is approximately 5 amperes. 

Results of these ignition studies are 
essentially similar to Messrs. Martin and 
Stauss’s results. 

It is interesting to note that by inserting a 
large enough capacitance across the con- 
tacts the sparking (or plateau) voltage is not 
reached, this capacitance is approximately 
0.25 microfarad in the auto ignition circuit. 

By lowering the capacitance to a point 
where the voltage rise across the contacts 
reaches the minimum sparking potential 
(that is, around 275-325 volts) we may ex- 
pect an arc to form, as has been noted. 

The length of time the are will exist de- 
pends on the energy stored in the capaci- 
tance and the opening acceleration. When 
this energy is dissipated the voltage will 
rise again to the plateau. This process will 
continue or stop as a function of the opening 
acceleration and the energy across the 
contacts normally stored in the ca- 
pacitance. By varying the steady-state 
current at a given inductance we may ex- 
pect to obtain more arcing with the low 
capacitance than with the higher capaci- 
tance. 

When contacts separate at voltages and 
currents above the critical arcing point, it is 
possible to form an are without raising the 
voltage past the are voltage. This phenome- 
non occurs as a result of the heating of the 
metal at the last point of contact and the 
subsequent formation of thermal electrons 
whose energies are sufficient to form an arc if 
the potential is high enough. At increased 
currents and low capacitances as compared 
to the same current and high capacitance 
we note that the total energy in the coil is 
the same in each case. If an arc strikes im- 
mediately when the contacts open, which we 
have noted to happen at a low capacitance, 
energy will be dissipated for that first instant. 
During this time, the separation of the con- 
tacts becomes greater and there is less 
chance of subsequent strikeovers to occur 
with the increased separation. This may be 
the explanation fof.the difference in the 
relative number of strikeovers at_high and 
low capacitance. 


308 


It is interesting to note the material trans- 
ferred in an inductive circuit with a varying 
capacitance. The inductance in this case is 
6 millihenrys. 

In Figure 1 of this discussion the lower 
curve represents a resistance of approxi- 
mately 0.010 ohm and an inductance in the 
leads to the contacts from the condenser of 
3 & 1078 henrys. The upper curve repre- 
sents a shortened lead with 0.0035 ohm and 
an estimated inductance of 10-* — 107° 
henrys. 

It is well to note that A. Hamilton and 
R. W. Sillars! have investigated carefully 
the effects of capacitance, inductance, re- 
sistance, opening acceleration, contact force, 
current, and voltage on the contacts. 

The present paper covers a greater range 
of inductance and capacitance values and 
the authors are to be commended for their 
contribution to the literature. 
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F. E. Martin and H. E. Stauss: Our thanks 
are due to Mr. Frank Spayth and Mr. V. E. 
Heil for their interest in the work reported, 
and for calling to our attention the article of 
A. Hamilton and R. W. Sillars, which was 
published some while after experimental 
work for the present article had been com- 
pleted. 

While it appears possible that in some 
cases initial ares dissipated energy that 
otherwise would have been expended in 
strikeover phenomena of longer duration, it 
should be noted that, if other conditions re- 
mained the same, the series of strikeovers 
observed for low shunt capacities comprised 
a larger number of individual strikeovers 
than similar series for high capacities. 

The question raised by Mr. Spayth’s dis- 
cussion as to the relative numbers of relaxa- 
tion oscillations in strikeover series, em- 
bracing as it does the question as to the 
factors determining the average frequency 
of the oscillations, is a complex one. Figure 
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2 of this discussion, showing approximate 
contact voltage and branch current relations 
for a single-strikeover transient, points up 
the complexity. If vertical lines are drawn 
in this figure, their intercepts on the lines 
representing transient phenomena will con- 
stitute points reached after equal intervals 
of elapsed time. Three imaginary vertical 
lines are identified as corresponding, re- 
spectively, with the times of make and 
break of the circuit and with the instant at 
which gap breakdown occurred. 

Changes that accompanied an are which 
took place immediately after gap breakdown 
are shown in the figure. If other conditions 
remain unchanged, the average frequency 
for a strikeover series would be expected to 
decrease if ares are interspersed between in- 
dividual strikeovers, and to decrease still 
more with increase in duration of the arcs, 
since in either case an increase in individual 
strikeover duration would be expected. 
Since the high current surge associated with 
the interspersed arc was confined to the 
circuit branch embracing the contacts and 
the capacitor, occurrence of the are de- 
pended on the presence in this circuit of suf- 
ficient capacity for adequate energy storage. 
If, again, other conditions remain un- 
changed, the duration of the interspersed 
are might be expected to increase with in- 
crease in capacity because of increased 
energy storage. Within limits, at any rate, 
the number of interspersed arcs was found 
to increase with increased capacity (not 
more than one are was seen between a pair 
of strikeovers). 

In the period between circuit break and 
gap breakdown contact current was found 
to be negligible. Consequently, the rise in 
contact voltage shown above the base line in 
Figure 2 of this discussion was very nearly 
equal to the increase in potential across the 
capacitor or the inductance in a simple 
series resistance-inductance-capacitance loop 
of low resistance. The time for this voltage 
to rise to any given value should depend on 
the circuit parameters for the loop. An in- 
crease in rise-time was noted for increased 
capacity. Thus, again, increased capacity 
led to increased duration for the individual 
strikeover and to decreased average fre- 
quency for the series. : 
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As previously stated, in general the volt- 
age maxima of successive strikeovers in- 
creased gradually, presumably because of in- 
creased contact gap length. For this reason, 
as pointed out by Mr. Spayth, the rate of 
contact opening would be expected to af- 
fect the average strikeover frequency. 
Thus, the slope of the-envelope drawn 


, through successive voltage maxima in a 


strikeover series (compare Figure 5 of the 


\i 


paper, in which the envelope is almost 
linear) would be expected to increase for in- 
crease in contact opening speeds; the conse- 
quent increase in voltage rise-time for each 
strikeover should decrease the frequency for 
the series. 

This discussion (covering only cases for 
which relations between the inductance and 
the rates of current change in the resistance- 
inductance-capacitance loop after the break 


of the contact circuit are such, at proper 
times, that the products —Ldi/di exceed the 
gap breakdown voltages and a strikeover 
series may occur) does not imply that only 
the factors considered may influence the 
average frequency. Other factors, for ex- 
ample, ionization in the contact gap 
(through its effects on gap breakdown and 
arcing) may well influence strikeover fre- 
quency 
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H. PORITSKY 


NONMEMBER AIEE 


AGNETIC fields often are com- 

puted by neglecting saturation 
phenomena, yet saturation is encoun- 
tered often in physics and electrical engi- 
neering. Thus, in transformers, motors, 
and turbogenerators, flux distributions 
with saturation often occur. Again, in 
electric apparatus and devices utilizing 
permanent magnets the simplifying as- 
sumption of constant permeability cer- 
tainly cannot be considered to be good 
enough. This neglect of saturation phe- 
nomena is due partly to the fact that the 
art of calculating flux distributions tak- 
ing saturation into account is in a very 
rudimentary state. 

In the following, several methods of de- 
termination of flux distribution in mag- 
netic materials exhibiting saturation 
phenomena are reviewed. The main 
difficulty of the problem arises from its 
nonlinear character. It is of interest to 
point out that one of the four methods 
enumerated below converts the nonlinear 
problem into a linear one; this is done by 
passing from the physical plane to the 
plane in which the field components or 
flux density components are used as 
rectangular co-ordinates. This method 
is the analogue of the ‘“‘hodograph-plane”’ 
method in the flow of compressible fluids, 
but does not appear to be sufficiently 
familiar to electrical engineers. 

The analysis is based on the following 
assumptions: 


1. There exists a definite relation between 
field intensity (H) and flux density (B) 
given by a single curve in the (H, B)-plane. 
This neglects the phenomena of hysteresis. 
To a certain extent, however, the method is 
applicable even if the latter is taken into 
account, as will be explained in the section 
on hysteresis. 


2. The directions of H, B coincide. This 


neglects rotary hysteresis. 
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3. Eddy-current phenomena are neglected. 


4. The fields are assumed to be 2-dimen- 
sional. 

In regard to the first two assumptions, 
it is of interest to recall that in the linear 
case, for steady-state alternating fields, 
one can handle hysteresis phenomena and 
rotary hysteresis approximately by in- 
troducing complex permeability. It is 
not clear, however, how to extend this 
method of the nonlinear case. 

The third assumption does not neces- 
sarily restrict the problems considered to 
static fields. Alternating fields are not 
excluded; however, it must then be as- 
sumed that the magnetic material is 
laminated and free from hysteresis, thus 
preventing eddy currents and time lag of 
flux penetration. 

Four methods of field determination 
will be described: A numerical method 
based on the direct numerical integration 
of the nonlinear differential equations; 
a graphical of flux plotting method; 
the use of the d-c board; and an exten- 
sion of the hodograph method. 

As pointed out in the section on the 
d-c board method, all methods apply 
equally well to problems of current dis- 
tribution in sheets of materials in which 
the resistivity is a function of the current 
magnitude. 


Differential Equations 


The differential equation for the mag- 
netic 2-dimensional fields under con- 
sideration may be expressed either in 
terms of the magnetic scalar potential 
¢ or in terms of the flux function y. The 
negative gradient of ¢ is the field: 


A,=—¢x adi, 
Ay =—¢y Poet 
H =-V¢ a (1) 


- 
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Here subscripts on ¢ denote partial de- 
rivatives, but H,, H, denote components 
of H. The curves Y=constant are flux 
lines and 


B,=—wWy, By =z (2) 


The condition of conservation of flux is 
—+—=0 (3) 


and is satisfied automatically by express- 
ing B,, B, in terms of Y asin equation 2. 

Since it is assumed that no angular 
hysteresis exists at any point, the mag- 
netic flux density vector B points ex- 
actly in the same direction as the mag- 
netic field vector H: 


eee, (4) 
Between the magnitude of the flux vector 


and the field vector wi ial 


B =(B,2+B,?)' a 
H=(H;*+H,*)' (5) 


there exists a functional relation 
B=B(H), H=H(B) (6) 


displayed in Figure 1. 
We introduce the permeability « by 
means of 


n=B/H 
B=nH 
u=nu(H) (7) 


Thus, at a point P of the curve of Figure 
1, wis the slope of the line joining P to the 
origin O. This definition is used con- 
sistently in the following, in spite of other 
well-known definitions (such as yu being 
the slope of the tangent to the (4, B)- 
curve). It follows from Figure 2 that be- 
tween the field components and the flux 
components there exist the relations 
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Figure 1. Permeability defined as the slope 
of a chord 

Be PBB 

SLL aE Si a ey 8 

He (8) 


where py is defined by means of equation 7 
and is a function either of H or of B. 
Replacing B,, B, by H,, H, in equation 
1, equation 2 yields 


= ae (9) 
Elimination of W yields 


Of o¢ Of oO 
ol) 4 +2( >) ao 


u=n(H), H=|V ¢| =(¢2?+¢22)'/* (10) 


while elimination of ¢ leads to 


ef Per ee Sere 
2(2 2H) 42 (224) ao 


w=yu(B) 
B=|V¥\=(v22+¥y2)'/2 (11) 


It will be noted that this is of the same 
type as equation 10 but with the p re- 
placed by its reciprocal. Either equa- 
tion 10 or equation 11 may be considered 
as the field equation to be solved. Again, 
the mixed equations 


pe a ee, ae (12) 


may be used (see equation 9). In fact, if 
equation 10 or equation 11 is solved for 
g or W, the other function may be found 
from equation 12. 

For constant p, equation 12 reduces to 
the Cauchy-Riemann equations in p¢, y, 
and equations 10 and 11 reduce to the La- 
place equation. 


Numerical Methods 


The numerical methods of integrating 
differential equations consist in approxi- 
mating the derivatives by means of finite 
difference quotients) For this purpose a 
network, say a square netwofk of con- 
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stant spacing 6, is introduced over the 
region in question, and the derivatives at 
each point of the net are expressed in 
terms of the difference quotients of the 
values at this point and adjacent points 
of the network. Thus, for example 


Oe _ o(x+6,y)—o(x—6,y) 


13 
Ox 26 (13) 


and similarly for second-order deriva- 
tives. 
Writing equation 10 in the form 


1 
gest owt (Mave t Hyes) =0 (14) 


and introducing 


M=\log p (15) 
one obtains 

part Gyy t+ Mrgr+ My ey =0 

M=M(V ¢2"+ gy?) = M(H) (16) 


Introducing finite difference quotients 
(see Figure 3) one obtains 


vat ent cot yp—4¢0 


62 
(M4—Mc)(¢4-¢c) 
46? af 
(Mz—Mp)(¢s—¢p) 4 


ie 0 (17) 


This also can be written in the form 
42(¢4—¢0)+2Maga—=ZMygc=0 (18) 


where the sums are carried out over each 
of the four directions through 0. 

A slightly different form for this equa- 
tion is obtained by using equation 10 
directly, evaluating O¢/Ox at a, the mid- 
point of 0A from gy4, go, then replacing 
0/0x(uO~/Ox) by the difference quotient 
of 4 Og/Ox at aandc. Replacing pa by 
(Hat+po)/2, and so forth, one obtains 
similarly 


al 
calculating the values of the left-hand 
members. These values, known as the 
“residues,” in general will not vanish, and 
will, therefore, form a measure of the in- 
accuracy of the assumed solution. One 
then “improves” the initial guess, re- 
calculating the left-hand members of 
equation 17. This is repeated until the 
residues are sufficiently small. 3 
As a way of calculating each next guess, 
one may use equation 17 to recalculate 
go in terms of the surrounding four values 
a, Op, Oc, Gp. After the values of g have 
been obtained, the corresponding values 
of 4 and M have to be found by finding 


H?=(V ¢)?=¢7?+ oy? (20) 


and from the functional relation equa- 
tion 7 (Figure 1), obtaining » and M at 
each point. 

Equation 11 can be handled similarly 
by writing it in the form 
Wor + Wyy — Mrp2— Myty =0 
M=M(B) 
Ba=V at +¥, (21) 


Graphical Method 


The flux lines 
yw =constant (22) 
and the equipotentials 
¢=constant (23) 


are perpendicular to each other. If 
drawn for values of the right-hand con- 
stants differing by constant Ay, Ag, they 
divide the plane into curvilinear rec- 
tangles, as shown on Figure 4. Denote by 
An the rectangle sides along the flux 
lines, by As the sides along the equipo- 
tentials. Then the equations of the 
section on differential equations imply 
that the gradients of gy, y are normal and 
numerically equal to HW, B. In equation 


2(~a—¢0)(ua+H0) =0 (19) form 
The algebraic equations 17-19 are non- _ Ag 
linear. A method of solving them con- An 
sists in assuming a set of values of 9, _ Ay (24 
substituting them into equation 17, and ~ As 
4 Figure 2 (left). An illus- 
tration of the colinearity of 
Band H 
H 
Y 
By 
Y 
By 
j : Figure 3 (right). Illustrating 
zt the numerical method of x 


finite differences 
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Figure 4. Flux lines in equipotentials 


and, since B= yi 


Aer ae 
Gates 25 
is he 25) 


so that the ratio of the rectangle sides is 


(26) 


and varies as yu, the constant of propor- 
tionality being Ay/Ayw. Since one of the 
rectangle sides, say An, varies inversely as 
HT, and wis a function of H, it follows that 
the side ratio is a function of the length 
of one side, and hence that when one side 
length is given, the other side length is de- 
termined. Indeed, from Figure 1 the 
curve of An versus As also may be con- 
structed by replotting the curve 1/B 
versus 1/H and noting the relations 


(27) 


To summarize, the flux-plotting rule 
consists in drawing equipotentials and 
flux lines normally to each other and so 
as to form rectangles whose sides satisfy 
the relations in equations 26 and 27. 


D-C Board Method 


This method is based upon the ob- 
servation that equations 10 and 11 also 
represent the equations for conduction of 
electric current in a plate of uniform 
thickness provided the conductivity of 
the material varies as u, hence is depend- 
ent on the current density. In this anal- 
ogy, the following replacements are im- 
plied 


¢ || Hz,Hy, | By,By,B 
1 (28) 
Val | Eo, By, Ty Ty,T 
R 
where 


V=the electric potential (volts) 

E;,, Ey, E=the electric field (volts per unit 
length) 

Iz, Iy, [=the current across plate thickness 
(amperes per unit length) 

R=the local plate resistance 
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To set up the problem on the d-c 
board one considers a network similar to 
the one in the section on numerical 
method and adjusts the resistance of each 
vertical side and each horizontal side to 
vary inversely as yw, the latter being de- 
termined as a function of the electric 
field E from Figure 1. 


E=VEZ+E;? 


The latter is calculated from the values of 
the potentials at adjacent points on 
Figure 3. 

As a possible procedure one may first 
take constant resistance elements deter- 
mined by an average value of uw. Reading 
of potentials V then are taken, the field 
computed from potential differences, the 
resultant field (equation 29) found, and 
the resistance adjusted to values propor- 
tional to 1/p for the local field E. With 
the new resistances, readings of poten- 
tials are taken once more, H,, E,, E found, 
and the resistances adjusted once more to 
correspond to these values. Both the 
vertical and the horizontal resistances at 
each point are changed simultaneously 
and so as to equal each other at the same 
point. Because of the finite size of the 
mesh, however, each resultant may be 
made to correspond to values of yu at the 
mid-point of its side. 

The electrical analogy also may be set 
up in a different manner by noting that 
equation 11 may be identified with the 
equation for conduction currents in a 
plate of uniform thickness provided the 
conductance varies as 1/u, hence the re- 
sistance varies as p. 

In place of (28) the following replace- 
ments now are made 


(29) 


y MB Hy,Hy,H 


Ve eek: 


(30) 
Tp,Ty 0 


and a curve of yp versus B is used to adjust 
the resistances of the elements, which are 
proportional to yp, the flux density B being 
proportional to E. 

| 


Application of the Hodograph 
Method to the Solution of Field 
Problems with Saturation 


As stated previously, the hodograph 
method is one of the most powerful 
methods in the theory of flow of com- 
pressible fluids. Its advantage lies in the 
fact that it renders the field equations 
linear; its disadvantage is its indirect- 
ness, since one never knows to what re- 
gion in the hodograph plane the flow over 


a given region in the physical plane will 


correspond. For the. sake” of Complete- 
ness, the derivation of the hodograph 


a 


° 


Figure 5. Hysteresis loop 


fluid-flow equations is explained in the 
following paragraphs, before indicating 
how the method carries over to the mag- 
netic problem. 

The basic equations of 2-dimensional 
irrotational flow of a compressible fluid 
are 


Gr =U 

ey =t (31) 
= — pu 

by = + pu (32) 

where 

u, v =the velocity components 


p=the density 

g=the velocity potential whose existence is 
equivalent to the assumption that 
flow is irrotational 

yw =the stream-line function whose existence 
follows from the condition of con- 
servation of mass 


Subscripts denote partial derivatives. The 
Bernoulli equation 


dp w? 
—-+— =constant 
pe 2 


(33) 


furnishes a relation between the velocity 
magnitude w=Vu2+v? and the density 
p, provided that the pressure p is as- 
sumed to be a proper function of the 
density p 


p=P(e) (34) 


In case of flow of a fluid this functional 
relation is derived from the adiabatic 
law. 

Denoting the resulting integral in 
equation 33 by P(p), one writes the Ber- 
noulli equation in the form 


P(p)-+-> =constant (35) 


From equation 35 one may solve for p in 
terms of w. Comparing equations 31 
and 32 with equation 12, it will be seen 
that a complete analogy exists between 
the flow of a compressible fluid and the 
flux distribution with saturation, pro- 
vided that u is made to correspond to p 
and @%to —¢..This analogy is displayed 
in (36). 
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Fluid 
flow w g|W|op 


Mag- (36) 
netic 
field | H | —¢ | y | aw | w=H(H) 


It will now be recalled how the fluid- 
flow equations are set up in the hodo- 
graph plane, that is, in the plane in which 
(u,v) form rectangular Cartesian co- 
ordinates._ 

Rewriting equations 31 and 32 in the 
form 


dg =udx-+vdy 
dy = — pudx+ pudy (37) 


one may solve for dx, dy in terms of dg, 
dy and expressing dy, dy in terms of dw, 
dé, where w, 0(@=tan—v/u) are the 


polar co-ordinates in the hodograph 
plane, one obtains 
dx =X dw+xed0 
cos 6 sin 6 
dx -( Pw — Yue) 
pw 
cos 6 sin 0 
(Seo va) 
Ww pw 
dy =yydw+ yedé (38) 
sin 6 cos 6 
dy =| —¢ut———y )dw+ 
w pw 
sin 6 cos 6 
( SD 
w Wp 
or, in complex form, 
<9 Pa 
d(x-+iy) =—de+i—dy (30) 
w pw 


Applying the conditions that the right- 
hand members are perfect differentials, 
namely (Xp)o= (x6) ws (Yoo= (Ye) ws we ob- 
tain 


sin 6 cos 6 cos 6 1 
Got Yo =——¢ot+sin (= 7) 
Ww pw w- pw 


cos 6 sin 6 sin 6 1 
ae tas Yo=— 3 ge+cos 6 — ‘Yo 
w pw w- pw 


(40) 


where ’ 


indicates differentiation with 
respect to w. Multiplying first by sin 6, 
cos 6, then by cos 6, —sin 6, and adding 
yields 


wo 1 ; 
w pw 


Yo _ 8 
pw w 


(41) 


By eliminating the function ¢ there re- 
sults a second-order differential equation 
for Y which is linear and whose coeffi- 
cients are functions of w only. After 


this equation or the equations 41 are— 


solved, a solution in the (x,-9’)-plan€ is ob- 
tained by integrating the equations 38. 
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Figure 6. Schematic diagram of transformer 
lamination (not to scale) 


The equations 41 or the equations 
obtained from them by eliminating ¢g or y 
are linear equations whose coefficients 
vary only with w. For the type of equa- 
tions obtained from adiabatic flow of 
gases, these equations have been studied 
extensively. 

By analogy to equations 41 one now 
obtains 


= (42) 


200 300 UPPER CURVE 


10,000 
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Figure 7. ‘(B-H)-curve 
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vw 


Elimination of ¢ leads to the following 
equation in 


Q (2 oy ) al 1 jee if (as) 
oH\u oO dH\ uH /06* 

Because the final equation is linear in 
y it follows that the sum of various solu- 
tions also is a solution and that a constant 
multiple of a solution also is a solution. ,, 

After a solution of equation 43 has been 
obtained, the function ¢ is found from 
equation 42 and x, y are determined from 
equation 39, which is now written in the 
form 


10d, 10 
: a tig tt (44) 


d(x+iy)= 


Product solutions, that is, solutions 
which are a product of a function of # by a 
function of H, exist, and it turns out that 
the function of @ is a trigonometric (or an 
exponential) function. On the other 
hand, the corresponding functions of H 
are not elementary functions, but have to 
be obtained from a solution of an ordinary 
differential equation. While this is to be 
regretted, the reduction constitutes quite 
an advance, since the art of solving 
ordinary differential equations is con- 
siderably more advanced both numeri- 
cally and by means of proper devices such 
as the differential analyzer. 

It has been shown by Chaplygin that 
the hodograph equations can be reduced 
to the Laplace equation provided that 
the (p,w)-relation is of a certain type. In 
the magnetic problem the analogue of this 
Chaplygin relation is given by 

A 


=o 45 
av sIW. (45) 


where A, C are constants. While equa- 
tion 45 will not do throughout the whole 
range of low and high saturations, the use 
of several such relations in different in- 
tervals is possible. For this method, and 
the conditions at the transition points, 
see the author’s earlier paper on the po- 
lygonal approximation method. 

Equation 45 utilizes the notation of 
equation 2.34 of reference 1, but with A in 
place of B. The reduction of the Laplace 
equation is brought about by introducing 
as variables 6 and W given by 


Ww 


bao: VE+C (46) 
lak 

where K is a constant and C is as in equa- 

tion 45. 

It is of interest to point out that the 
analogy between the fluid flow and the 
magnetic phenomena may be carried out 
in an alternative way by replacing (36) 
by ‘ 
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Figure 8. Small-square flux plot Detauss wh the telative ‘mewness of Figure 10. Flux plot with saturation 
equations 43 and 49, no attempt at in- 
Fluid tegrating them is made in this paper, nor JD the values p are positive, to the left 
flow wi)e|w | p=p(w) is the illustrative example given in a negative. Since u had been assumed to be 
Rete tic (47) following section treated by means of a single-value function in the numerical 
a Bly | if =) (08) | these. value of H, this will give rise to difficul- 


= = 


In this analogy, the so-called ‘“hodo- 
graph” plane is replaced by the (B,,B,)- 


plane. Equations 42 are replaced by 

ve _ (v\, 

B \B) % 
v 

and equation 43 by 

d)| 1 yp 1 

aB| (u\'B — "BY (49) 
B 


This suggests that, while it has not been 
customary, it is entirely possible to in- 
troduce the “hodograph” method in a 
mass-transport plane in which pz, py are 
rectangular co-ordinates (rather than 
U,V). 
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Hysteresis 


As stated previously, hysteresis phe- 
nomena can be accounted for to a certain 
extent. If one tries to take into considera- 
tion the complete hysteresis phenomena, 
including loops of various sizes depending 
upon the maximum field value before re- 
versal occurs, the multiplicity of values 
w would make things very difficult in- 
deed. If, however, following an initial 
magnetization to saturation along a path 
OAC (see Figure 5) one attains various 
degrees of demagnetization along the 
path CDE, then treatment by means of 
the above methods is quite possible. It 
will be noted that if there is field re- 
versal (along DE) the values of uw become 
infinite near D, the point at which this 
curve crosses the B-axis. To the right of 


5 
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ties, and a double-valued solution in the 
hodograph plane may be required, one 
branch corresponding to DC, one to ED, 
This double-valuedness may be avoided 
by utilizing (B,, B,)- plane instead of the 
corresponding (H,, fH,)-plane, as in the 
analogy in (47). 

It will be recalled that for a constant 
permeability-alternating phenomena, hy- 
steresis can be treated by assuming the 
permeability to be complex. Indeed, if 
the field and flux components are all as- 
sumed to be the real parts of 


Acivt 


(50) 


where A is complex, independent of time, 
but varies from point to point for field 
distribution, then the calculations may be 
carried out on the complex expressions 
displayed in equation 50 without taking 
the real parts until the very end of the 


“ Figure 9. As versus 
An 
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calculation. On this basis, it is known 
that a complex value for the permeability 
win the equation 


B=pH =\p\e4 97 (51) 


upon introducing the exponential factor 
(equation 50), and taking real parts, 
gives rise in the (H,B)-plane to (H,B)- 
curves for various |A| which form similar 
ellipses and form a good enough approxt- 
mation to hysteresis loops. It is not 
clear, however, whether introducing a 
general complex functional relation be- 
tween B and H can be used similarly to 
handle the nonlinear saturation prob- 
lem, since the simple expedients of in- 
troducing time as an exponential factor 
and taking real parts will no longer work 
because of the nonlinearity. 


Illustrative Example 


As a first example, we consider the dis- 
tribution of magnetic flux in a trans- 
former core with periodic circular bolt 
holes, for the dimensions indicated on the 
schematic Figure 6, for the (H, B)-rela- 
tion shown in Table I and plotted on 
Figure 7, and for a total flux correspond- 
ing to an average flux density Bo= 15,500 
lines per centimeter,? across a 6-inch 
lamination width. 

While in a transformer the flux is al- 
ternating, and the above value Bo rep- 
resents its time maximum, the thickness 
of the laminations is supposed to be fine 
enough so that the effect of eddy cur- 
rents can be neglected, hence the flux 
distribution at any moment is the same 
as in the static problem corresponding to 
the same total flux at that instant. In 
particular, we shall consider the case 
where total flux is equal to 15,500 lines 
per square centimeter x6 inches X2.54 
centimeters per inch lines per centimeter 
of lamination thickness. We denote by 
FH, do the values of H, u corresponding to 
Bo(Ho=3.1, pi=5,000). 

Actually, the flux distributes itself 
both in the iron laminations, in the air 
space of the bolt holes, and also may cross 
the rectilinear boundaries of the lamina- 
tions, though the holes are filled up with 
bolt bars, and except for a skin effect, the 
penetration of the flux into that space is 
prevented. This means that the flux 
distribution problem should really be 
solved both within the magnetic ma- 
terial and in the air spaces, proper atten- 
tion being given to the boundary condi- 
tions at the common boundaries, namely, 
that the tangential magnetic-field com- 


ponent is continuous (leading to conm-— 


tinuity in the magnetic... potential ¢), 
and the normal component of- flux is 
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continuous (leading to continuity in the 
flux function y). While the first three 
methods of solution certainly can be ex- 
tended to cover problems involving flux 
distribution both within magnetic ma- 
terials with saturation and in air spaces, 
the added complications which this would 
entail are considerable. To avoid these, 
and because the permeability within the 
magnetic lamination even under the 
conditions of maximum saturation still is 
considerably greater than that of air, we 
shall neglect the flux within the air space 
altogether, thus assuming that both the 
edges of the lamination and the bound- 
aries of the circular holes are flux lines. 

It will be sufficient to restrict the field 
determination to the shaded area of 
Figure 6, since by proper reflection across 
the rectilinear boundaries the rest of the 
field can be obtained from the field of this 
region. 

Before attempting the graphical con- 
struction proper, a preliminary plot was 
made based upon the assumption of con- 
stant permeability, equal to wo. By 
proper choice of the increments in ¢, p 
Ag=(Ag)o, AV= (Ay) , this plot becomes 
of the small-square type. The plot is 
shown on Figure 8, where, as will be 
noted, 10 flux spaces were used, leading to 
8.6 potential spaces. 

A plot utilizing the nonlinear (H, B)- 
relation of Table I and Figure 7 then was 
constructed and is shown on Figure 10. 
In making this plot, Figure 8 was used as 
a guide, but only for the flux lines, the 
completed plot being based on the rela- 
tions between rectangle sides An, As in- 
dicated in equations 27, and shown on 
Figure 9. The same values of Ay, Ay 
were used in Figure 10 as in Figure 8, 
hence the same number (10) of flux 
spaces resulted; away from the circular 
hole (at the upper end of the figures) the 
plots resemble each other. 

To render the relations of equations 
27 dimensionless, these equations were 
rewritten in a form involving the ratios of 
¢, W, B, H to (Ag), (AW)o, Bo, Ho, and of 
An, As to the square side corresponding 


Table | 


B, Lines per H, Gilberts 
Square Centimeter per Centimeter 
500 0.0500 
1,000... 0.0645 
2,000... 0.0850 
4,000... DEL. 
6,000 0.149 
S5 000. sever: . 0.190 
10,000 ; 0.259 
12,000 . 0.399 
13,000 . 0.544 
14,000 . 0.815 
15,000 1 LB? 
16;000 . 6.50 
17,000 Bib fe g 
18,000 150 
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to the uniform flux distribution in ab- 
sence of holes. Thus, the equations 27 
were put in the form 


(An) inches/0.3 inch = Ho/H 


(As) inches/0.3 inch = By/B (52) 


and Figure 9 was constructed from these 
equations. 

Figure 10 was drawn next by sketching’ 
the flux lines and equipotentials at right 
angles to each other, measuring the sides 
An, As for various rectangles, checking 
against the relation of Figure 9, erasing, 
redrawing, and checking the Az, As rela- 
tions, and repeating. 

It will be noted from Figure 9 that a 
very small variation in the distance As 
makes the distance An change enor- 
mously. As a result, it was found neces- 
sary to make the As spaces between the 
flux lines nearly equal to each other along 
each equipotential. On the other hand, 
the variations in As on Figure 10 are very 
large indeed. Three plots of the above 
type were made by different individuals, 
and Figure 10 represents an averaged plot 
of the three. As in Figure 8, the bound- 
ary conditions on Figure 10, in addition 
to the conditions y=0 along ABC, p= 
10(Ay)o, along DE, are g=0 along AE 
and g=constant along CD. However, 
the total difference of potential between 
AE and CD is unknown, and the values 
obtained in the three plots were 24.0, 
25.1, and 26.2 potential spaces, respec- 
tively, leading to a tripling of the number 
of potential spaces relative to the number 
8.3, which would be obtained in the ab- 
sence of the hole. 

The effect of saturation thus is very 
pronounced on the total value of mag- 
netomotive force required to obtain the 
flux in question; even though the de- 
crease in cross section along a line through 
the hole center is only 13 per cent, the 
effect on the magnetomotive force, as in- 
dicated, is to increase it by about 160 per 
cent. This is due entirely to the nature of 
the (H, B)-curve, and the fact that Ho, 
Byis just beyond the bend in this curve, a 
small increase in B leading to a very large 
change of H. 

The same example also was worked by 
the numerical method described in pre- 
ceding paragraphs. The equation of the 
type 19 was used in preference to equa- 
tion 17. The initial set of values of the 
potential function y was obtained from 
the flux plot of Figure 10. Going back to 
the derivation of equation 19 and Figure 
3, but not replacing pu, .., by (uo+M,)/2,.., 
one obtains 
ZHava— Gola =0 (53) 


This equation will be replaced by 


AIEE TRANSACTIONS 


ee 


cg, 


Nn 


means of equation 54, the value of ¢ 
(see Figure 3) was corrected by the addi- 


I ! 
| : 
ae ' 2 3 4 eae 7 8 9 ie 
Figure 11. Conformal map of Figure 8 on a 
rectangle 
tion of 
ZHava— G2 Ha =R (54) 


where R is the “residue,” which will 
vanish only when the “‘true’’ values of ¢ 
are used. The procedure consists in 
starting with the assumed values of ¢ at 
the proper lattice points of the shaded re- 
gion of Figure 6, computing the residues 
R, then modifying the values of g, re- 
computing the residues, and repeating 
the process until the residues are con- 
sidered sufficiently small. 

The initial ¢ values were taken from the 
plot of Figure 10, from which the p- 
values also were obtained. First the p- 
values were found at the center of each 
rectangle from the ratio of the sides and 
the relation 


(55) 


After the corrected values of g were ob- 
tained, the p- -values were recalculated by 
plotting the curves y=constant, measur- 
ing the spacing An, and finding u from a 
curve of w/o versus (Az/0.3 inch), de- 
rived from equation 52 and Figure 7. An 
alternative procedure also was used, con- 
sisting in evaluating the derivatives 
0v/Ox, Ov/Oy at the lattice points, find- 
ing the gradient 


av\?2 de\?2 '/e 

Bol-[(2) +55) | = 
and H at the lattice points, then com- 
puting w at the same points, and finding 
# at the mid-points (a, b,c... on Figure 
3) as proper means of yp at adjacent lat- 
tice points. 

After the residues R were obtained by 


(56) 
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Ao=R/(uatuotuctua) (57) 


thus reducing the residue at 0 to zero and 
increasing the residues at A, B, C, D, by 


Aoua, Aon, Aooe, Aoma (58) 


respectively. This procedure distributes 
the residue at 0 to the residues at the ad- 
jacent lattice point A, B, C, D in the 
ratio of the permeabilities at a, b, c, d. 

Because of the labor involved in the 
calculation of w, the values of the latter 
were not changed each time the residues 
were reduced. Only after the residues 
were reduced all over were the values of uw 
recomputed. 

At the boundary y=0 (AE in Figure 
6), the boundary condition g=0 enabled 
one to use negative reflection of the g- 
values; along BC, DE positive reflection 
for g was possible. Along CD, while ¢ is 
constant, its value is not known. To 
start with, this constant value of ¢ was 
determined from Figure 10, a check being 
made from the flux condition by evaluat- 
ing the flux integral 


(59) 


for several values of y. 

Along the circular boundary AB of 
Figure 6 the square mesh leads to irreg- 
ular spacings 6x, dy. After trying out 
generalizations of equations 18, 54, and 
of the other equations, to unequal 6x, dy 
as well as of the methods of distributing 
the residues, a shift was made in the basic 
procedure. m. 

To avoid the complications arising me 
the unequal 6x, 6y-at‘ the circular bound- 
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: ofp in the new co-ordinates £, 


Figure 12. Result of relaxation calculations 


ary, a conformal mapping was resorted 
to, based upon Figure 8. Indeed, if the 
potential lines and the flux lines of this 
figure be considered as & and 7 co-ordi- 
nates, then they map the region of Figure 
10 upon a rectangle in the (&, 7)-plane, 
shown in Figure 11. The flux line ABC, 
which consists of a quarter circle AB and 
the straight line BC, goes into the axis 
&€=0 on Figure 11. The remaining recti- 
linear boundaries of Figure 8 go into 
€=10, n=0, n=8.6 on Figure 11. By 
moving the upper boundary to n=9 and 
dividing Figure 11 into 10 by 8 squares 
the difficulties of fractional 6x, dy were 
eliminated. 

To avoid the difficulty of the unknown 
boundary value of ¢ along n=9, a shift 
was made from ¢ to y, shifting at the 
same time from yp to 1/u (see equations 
10 and 11). It may be shown that the 
basic differential equations 10 and 11 
preserve their form in the new co-ordi- 
nates; thus, equation 11 transforms into 


sm) a(t). 
O&\u OE J On\u On 

Hence, exactly the same numerical meth- 
ods of approximation are valid, for in- 


stance, in replacing equation 60 by an 
equation similar to equation 53 or 54: 


(60) 


1 1 
Z—Ya—woE— =R 
Ha Ha 


(61) 


There is, however, one complicating new 
feature, and that is that the permeability 
p is no longer a function of the slag 
In- 
deed, the second half of equation ct is 
transformed into 
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Figure 13. First d-c board setup 
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where the factor r represents the ratio of 
the element of length in Figure 11 to the 
corresponding element of length in Figures 
10 and 8, 

To obtain the values of 7 which now 


were required before B and 1/p could be 

determined, the plot of igure 8 was 

used, However, to insure greater ac- 

curacy near the left-hand corner, an 

analytical calculation was used there, 

based on the equation 

10 } a’ ; : 

w= 4 (E-+-in) @o——, am radius of circle 

(63) 


This is valid near the circular boundary, 
but not at an appreciable distance, The 
values of y were obtained by solving equa- 
tion 63 for z, then differentiating, These 
values were joined smoothly to the values 
of y from the plot of Figure 8 and to r= 1 
at an appreciable distance, 

; 


Along the boundaries £ 
values of W are known, 


=(), f=10 the 
Along n=, 


DOUBLE RESIS TANOES = 


“Age 
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n=8, positive reflections of the values of y 
could be used, and along &=0 negative 
reflection (and a similar procedure along 
f=10) to enable one to apply equation 
59 in the same manner as at interval lat- 
tice points. 

Reduction of the residues was repeated 
several times without changing the values 
of 1/u before a recalculation of the latter 
was carried out in the manner described 
in the preceding paragraphs, 

After the final residues were judged to 
be small enough the Y-values were carried 
y-plane, The shape of the 
resulting flux lines is shown in Figure 12, 


over into the x, 


The slight waviness in the area y=4 to 7 
was very disappointing in view of the 
amount of labor spent in the calculations. 
Possibly its cause lies in the exceedingly 
high accuracy required for the As spac- 
ing, which now is affected by the inac- 
curacy in, While every effort was made 
to obtain accurate values of 7, apparently 
even greater accuracy is needed because 
of this high sensitivity variation of uw 
with As, 

The same example also was set up 
twice on the d-c board, once before the 
flux plotting and numerical results had 
been obtained, once afterwards, The 
dec board had 288 resistances, and to 


Figure 14 (left). 


a? Second d-c board: 
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Figure 15. Network setup for lower left- 
hand corner of Figure 14 


cover the whole area of Figure 10 a re- 
sistance network corresponding to a space 
interval édx=dy=0.25 inch first was 
chosen, This network, which is shown 
lightly on Figure 13, proved too coarse 
and insufficient to bring in correctly the 
effects of the circular boundary in its 
neighborhood; it will be noticed, in fact, 
from Figure 18 that this network cuts the 
quarter circle in only four points. There- 
fore, it was intended to cover the region 
nearest the circle by a closer mesh of half 
size, dv=dy=0.125 inch, using boundary 
conditions determined from the coarser 
network setup. 

The analogy displayed in the array in 
equation 380, rather than in equation 28, 
was utilized in view of the greater ease of 
applying the condition of constant poten- 
tial Y, W=0, Y=10(Ay)o, by connecting 
the ground V=0 to ABC and the gen- 
erator high-voltage terminal V=100 to 
DE. 

At first the resistances were chosen to 
correspond to constant pu, that is, they 
were chosen all equal to each other, with 
the exception of the resistances at the 
boundary. There, the resistances corre- 


(Ho, Bo) 
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sponding to the smaller 6x or dy values 
were made proportionally smaller. Fur- 
thermore, along the lower and the upper 
boundaries y=0 inch, y=2.5 inches the 
resistances were doubled, and the points 
were left open-circuited. The reason for 
this procedure lies in the fact that, as on 
Figure 6, the field can be extended by re- 
flection, across the lower and upper 
boundaries. Hence, a similar reflected 
network can be imagined to extend be- 
low these horizontal boundaries, and each 
horizontal resistance, say along y=0, can 
be imagined to be made up of the resist- 
ances in parallel, of which only one is 
realized in the physical network setup. 

The potentials V at the lattice points of 
the network were measured and the 
values of 4 computed by determining the 
spacing As between the equipotentials 
and utilizing a curve giving w/o as a 
function of (As)/(As)o=Bo/B, obtained 
from Table I and Figure 7. To this end, 
curves of V versus x for fixed y and of V 
versus y for fixed « were drawn, smoothed 
out, and the points corresponding to 
v= 10 volts, 20 volts, . . . 90 volts read off, 
and plotted in the (x,y)-plane. The dis- 
tances As between the equipotentials 
then were measured, and the p-values ob- 
tained at points corresponding to y=O, 
y=dy, y=26y, . . . and mid-way between 
the equipotentials. These values of yu 
were plotted versus x, smooth curves were 
drawn between them, and the p-values at 
the mid-points of the horizontal resist- 
ances obtained; similarly for the vertical 
resistances. 

The resistances now were readjusted 
so as to be proportional to the values of u 
obtained (in addition to the further ad- 
justments at the boundary described 
above), readings of potential V were 
taken, and the above process was re- 
peated several times. It was hoped that 
both the resistances and the potential 
values would converge; then the passage 
to the smaller mesh network was planned, 
utilizing boundary values along the new 
boundaries determined from the coarser 
network. 

It soon became clear, however, that the 
_ potential V was not approaching any 
limiting value, but rather was undergoing 
violent fluctuations, causing the potential 
lines to crown in first to one side then to 
the other side. The process obviously 
Was not a convergent one. It was de- 
cided that the difficulty lay with the ex- 
treme sensitivity of the method to small 
Variations in As. The work on the d-c 
board was then stopped and effort was 
concentrated on the flux plotting method, 
__ as well as on the numerical calculations. 
‘ ~ When work on the board was resumed, 
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the results of the flux plot and of the 
numerical calculations were available, 
and the first setup on the board was based 
on the mean of these results. To avoid 
the fluctuations noted previously, the 
readjustment of the resistances was made 
only by an amount equal to 10 per cent 
of the change required by the p-values 
calculated from the As values obtained in 
the preceding setup on the board. 

It was discovered further that one 
cause of inaccuracies lay in the disturb- 
ances caused by the current drawn by the 
voltmeter when connected to measure the 
voltage at each mesh point. While the 
resistance of the voltmeter was quite 
high, it was not sufficiently high com- 
pared to the 100,000-ohm maximum re- 
sistance of the board elements along a 
constant y so that its connection did 
affect the mesh potentials and, there- 
fore, also the voltage gradients. This 
point was checked on a uniform mesh 
corresponding to a 108 rectangle repre- 
senting a potential varying linearly with 
x. Then the voltmeter was replaced by a 
galvanometer with a high resistance (30 
megohms). 

With the above changes, distinct im- 
provements were obtained, but the re- 
sults still were unsatisfactory. The pro- 
cedure then was changed further by 
basing the determination of u not upon 
the voltage V, and its gradient, but upon 
the currents in each branch. The cur- 
rents J,, I, were read, the current result- 
ant 


T=V 1,t+1,2 


was computed, and the values of wu were 
determined from a curve of 4/0 versus 
H/Ho=1/Io. 

First the network shown on Figure 14 
with the coarser mesh corresponding to 
6x, 6y=0.3 inch was used. Based on con- 
siderations of Figures 8 and 10, it was de- 
cided that moving the boundary down 
from y=8.6 to y=8 produced very little 
disturbance in the field. It was estimated 
that in view of the rapid field gradients 
and large variations of » near the circular 
boundary and the coarseness of the net- 
work, it would be more accurate to ap- 
ply a boundary marked 1, 2, 3, 4, 5 on 
Figure 14; series resistances were ad- 
justed to obtain these potentials. Both 
these potentials and the values of u (re- 
quired for the resistances) were obtained 
initially as means between the values de- 
termined from the flux plot and the 
numerical calculations, and the resist- 
ance was adjusted accordingly. The 


currents then were read in each resistance, . 


the potentials also were determined, and 
the values of mw recalculated from the 


f 


€ 
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currents as well as from the potentials. 
Better results resulted from the values 
obtained from the currents; in fact, the 
pw values agreed with the initial values so 
that no further changes in resistances 
were deemed necessary. 

The board was now connected to cover 
a smaller area near the circle, with a finer 
mesh and extending clear down to the 
circular boundary. As a right-hand 
boundary, the equipotential line corre- 
sponding to V=40 volts was used, the 
position of the right-hand boundary 
points being obtained from the flux plot 
as well as the preceding board connec- 
tions. Along the upper boundary the 
horizontal and vertical resistances were 
adjusted until the values of potential ob- 
tained agreed with values obtained from 
the coarser network. The resulting mesh 
is shown on Figure 15, where as will be 
noted, a total of six points fall on the cir- 
cular boundary. The procedure now was 
repeated in a very similar fashion, and 
again the values of » calculated from the 
currents gave very close check with the 
values initially used in the board setup. 

The hodograph method was not ap- 
plied to this problem because a great deal 
of investigation would have been required 
to find out what solutions in the hodo- 
graph plane would correspond to the 
particular region of interest, namely, the 
region shown in Figures 6, 8, and 10. 

Summarizing, it must be admitted that 
the graphical or flux-plotting method, 
though of limited accuracy, proved to be 
the most efficient one from point of view 
of the results obtained for the time spent. 
However, some of the difficulties encoun- 
tered with the other methods now could 
be avoided in view of the experience 
gained. 

Present day d-c boards were not built 
for the purpose of solving field problems, 
but rather for the analysis of short cir- 
cuits in power systems. On the basis of 
experience gained in the above problem, 
one can readily suggest an improved de- 
sign for a d-c board which would be more 
suited for solving field problems; this 
should have more units, the individual 
resistances should be calibrated to higher 
accuracy and one more decimal, and the 
board should possess a way of reading 
voltages and currents without producing 
any disturbance to the existing distribu- 
tions. 

The author cannot claim brilliant suc- 
cess for the numerical or so-called ‘“‘re- 
laxation” methods. It is true that 
greater success in the use of relaxation 


_methods have been claimed by others.” 


While some of the difficulties indicated 
above could now be avoided, the fact re- 
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mains that these numerical methods of 
solving nonlinear field problems are ex- 
ceedingly laborious and time-consuming, 
and require a great deal of patience as 
well as intuition on how to proceed in 
reducing a set of residues. It is to be 
hoped that high-speed computational 
machines can be adapted to these prob- 
lems and speed up their solution. 


Linear and Constant Flux Density 


In this section, as a further alternative 
to the methods described previously, we 
shall approximate the saturation curve 
by means of an (H, B)-relation shown in 
Figure 16; this consists of a straight line 
through the corner points (Ho, Bo), 
(—Ho, —Bo) joined to the two horizontal 
lines B=Bo, B=—Bp. While such a 
curve is never really encountered in prac- 
tice, it is nevertheless true that some 
saturation curves can be approximated 
by means of such a curve to a fair degree 
of accuracy over a certain range. It 
will be shown now that such a saturation 
curve leads to certain simplifications. 

Over the portion of constant flux den- 
sity B=Bpo the flux function y has a con- 
stant gradient (see latter part of equa- 
tion 11). This means that the curves 
Y=constant, when drawn for values of 
the constant differing by the same amount 
Ay, are parallel curves; by parallel 
curves, it will be recalled, is meant a 
family of curves such that if one of them 
is given, the other members can be con- 
structed from it by drawing normals to 
the given curve and plotting points at a 
constant distance along each normal. All 
parallel curves also have the property that 
they possess a common family of normals. 
These normals are all tangent to a given 
curve which is the evolute of all the curves 
of the parallel family. Thus, a parallel 


Figure 17 (below). 


Figure 18 (right). 
tion of Figure 16 
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An illustration of the flux-plotting 
rules corresponding to constant flux density 


Flux-plot corresponding te (B-H)-rela- 


COMMON NORMALS 


ee. (ENVELOPE OF NORMALS) 


family of curves also may be described as 
the involutes of the same evolute curve 
(see Figure 17). 

The curves perpendicular to the flux 
lines are, of course, the magnetic equipo- 
tentials g=constant. Therefore, we ar- 
rive at a conclusion that over a portion 
of the plane where flux density is constant 
the magnetic equipotentials are straight 
lines. 

In particular, let us turn to the ex- 
amples discussed in the section on illus- 
trative examples. Since the maximum 
saturation occurs near the point A of 
Figure 6, it follows that the flat portion 
of the curve of Figure 16 will cover part 
of the neighborhood of A along the x- 
axis. Over this portion one of the flux 
lines forms a circular boundary; hence, 
the other flux line must, therefore, be 
concentric circles, while the magnetic 
equipotentials are lines passing through 
the center of the circles. While the con- 
stant increments Ay of the flux function 
corresponding to constant increments of 
radii of the flux lines, it is not true that 
constant increments of the magnetic po- 
tential function Aw correspond to con- 
stant increments of the central angle 0. 
Indeed, from Figure 16 it will be seen that 
H can vary over the horizontal portion of 
the saturation curve through any values 
greater than Ho. The best that can be 
said for the present is, therefore, that the 
magnetic potential function is given by 


¢=f(9) 


Differentiation of this equation yields 


(64) 


(65) 


Over the slanting line portion of Figure 
16 the ratio of B to His constant, pu is con- 
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stant, and over the regions in the (x/' y)- 
plane where the flux density is less than 
By both g and wp satisfy Laplace’s equa- 
tion. By proper choice of Ag, Ay the 
equipotentials and the flux lines can be 
made to divide the plane intosmall squares. 
It is convenient to change the scales on 
the axes of Figure 16 so that the slanting 
line of the saturation curve becomes 9,45 
degree line, whereupon the sides of the 
squares may be considered to be inversely 
proportional to the co-ordinates of the 
sloping straight line. At the corner point, 
where the transition from the straight 
line to the constant density takes place, 
the squares have reached the minimum 
size, namely 

Ag Ay 


An= As=—— = 


66 
Hy By (66) 


Thus, in the physical plane, at the transi- 
tion from the parallel curve region to the 
small square region the squares are of a 
fixed size, given by equation 66. 

If the transition curve is given, then by 
equating Hy» to Hy one can determine from 
equations 65 and 66 the function f’(@) 
and, therefore, by integration, function ¢ 
in equation 64. Stated physically, the 
condition in equation 66 amounts to the 
statement that the equipotentials be at a 
constant distance apart over the points of 
the transition curve. Actually the transi- 
tion curve is not known, but must be de- 
termined from a small square plot which 
merges into the parallel-flux-line, recti- 
linear-equipotentials plot. 

The approximation of the type shown 
in Figure 16 has been utilized by various 
people in various connections. An ex- 
ample is in the problem of torsion of a 
prism in which an ideal plasticity curve 
similar to Figure 16 is assumed between 
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the shearing stress and the shearing 
strain, leading to Hooke’s Law in the 
elastic part of the prism where the shear- 
ing stress is less than its limiting value, 
and to a constant shearing stress in the 
plastic region. A. Nadai* has described a 
sand-heap analogy for the stress function 
for the plastic region; when as much 
sand as possible is piled on a horizontal 
card, its free surface will have a constant 
slope corresponding to the angle of fric- 
tion of the sand; the lines of constant 
level yield the direction of the shear (or of 
the magnetic flux lines). A further and 
more useful analogy to which attention 
has been called is that of a stretched 
membrane under a sloping roof. In the 
magnetic problem, the lines of constant 
level of the stretched membrane cor- 
respond to the flux lines. The sloping 
roof forms a restraint for the membrane 


Discussion 


T. D. Gordy (General Electric Company, 
Pittsfield, Mass.): Calculation of flux dis- 
tributions when saturation is present is diffi- 
cult and, as Dr. Poritsky points out, rela- 
tively little work has been done on develop- 
ing methods that may be applied by the 
electrical engineer. A review of several 
methods that may be used is a worthwhile 
contribution to electrical engineering. 

Flux obstructions such as bolt holes, key 
slots, and assembly guide slots are in mag- 
netic circuits of most electric machinery 
using magnetic cores. The effects of these 
obstructions on the magnetic characteristics 
of the core are important and have been de- 
tected in the form of increased core losses 
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over the saturated region where the 
membrane makes contact with the roof; 
in the nonsaturated region, the membrane 
isfree. The membrane is stretched toa 
uniform tension, its edges are raised to 
proper levels over the parts of the bound- 
ary corresponding to flux lines, and the 
membrane takes up a shape which is 
partly free, and partly makes contact 
with the roof of constant slope. For the 
example of the preceding section where 
the saturated region stretches out hori- 
zontally from the point A on Figure 6, 
the restraining roof is a conical roof, with 
a center of the cone at the center of the 
boundary circle AB. 

Figure 18 shows a freehand plot of the 
flux and potential lines for the example 
of the preceding section corresponding to 
the (H, B)-curve of Figure 16. This plot 
was obtained by freehand construction 


by starting with a plot of Figure 8 de- 
leting the region inside the dotted curve, 
filling in the latter by means of circles 
concentric with the boundary circle and 
of constant difference in radii and with 
straight lines through the common center 
of the circles, and modifying the small 
square plot so as to obtain smooth transi- 
tion at the dotted curve, at the same time 
assuring that the size of the squares along 
that curve is constant. 
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and exciting currents. The example given 
in the paper demonstrates how saturation 
adds to the complexities of determining 
characteristics of the magnetic circuit. 

To date, all methods of calculating flux 
distribution with saturation are time-con- 
suming and laborious. Of the methods re- 
viewed in the paper, the graphical one has 
been found to consume less time than the 
other methods when determining flux condi- 
tions in transformer cores. This method has 
given results which have been checked 
closely by tests. Although the method may 
lack in accuracy in some regions of the plot, 
it appears to be the best over-all method as 
measured by our experience. Assumptions 
made in the paper have been found to be 
justified in the problems solved thus far. 

Numerical and graphical methods are the 
older methods; hence, they have a certain 
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amount of past experience in them. As ex- 
perience is gained with the d-c board and 
hodograph methods, it is very likely that 
application of these methods will increase. 


H. Poritsky: Mr. Gordy has applied the 
graphical method successfully to even 
more complicated cases where not only is 
saturation involved, but where due to grain, 
u depends both on B and on the directions of 
the flux. 

In the field of compressible flow, the hodo- 
graph method has been attended with some 
success, though it cannot be said even at 
this date that it can be used to give desired 
answers to current flow problems. Anyone 
venturing on applying it to saturation flux 
problems will do well to review the fluid 
flow field first. 
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IX Electronic Power Source for Large 
D-C Contact Testing 
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POWER source for a-c testing for 
currents up to 10,000 amperes is 
reasonably easy to obtain since it requires 
only a suitable transformer and a line 
supplying an adequate amount of power. 
No rotating equipment is necessary. 
If direct current is required, rotating 
equipment involving perhaps a 1,000-kw 
generator would be required to deliver 
10,000 amperes at 250 volts. A larger set 
would be required for currents at 600 
volts and 750 volts. Sometimes special 
motor-generator sets having a high inertia 
special windings, and an undersize driv- 
ing motor are used to deliver the mo- 
mentary power needed for contact test- 
ing. Such equipment is expensive, re- 
quires a large amount of space, and is not 
flexible so far as output voltage is con- 
cerned, 

This paper describes a solution to this 
power requirement by using electronic 
tubes, showing its advantage from the 
standpoint of space and expense and 
pointing out some of the comparisons in 
characteristic. 


Requirements 


A first consideration is the service re- 
quirement. The primary requirement is 
to provide momentary power as required 
by the standard system of contact test- 
ing involving 50 repeated operations at 
10-second intervals momentarily closing 
and opening the circuit, a test sometimes 
referred to as the 50 open-close-open test. 
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A secondary requirement is the use of the 
power source for continuous loads. 
Major voltage requirements involve 250- 
volt systems with a lesser requirement at 
voltages near 600. 

With these requirements in mind the 
welder ignitron tube in size D was con- 
sidered particularly well adapted since it 
is designed for use on welding cycles 
usually more severe than those demanded 
in this application. It has a higher inter- 
mittent capacity and a lower cost than 
the corresponding rectifier tube. It is 
more susceptible to flashbacks than the 
rectifier tube because of the omission of 
the shielding in the tube. 

This susceptibility to flashbacks led 


to the use of impedance in the feeder cir- 


cuit, which limits the current to a value 
less than the published maximum in- 
stantaneous values for the size D ignitron 
tube. This value is approximately 14,000 
amperes. In this particular installation 
this impedance is the combined trans- 
former and feeder-line impedance without 
the use of any additional reactors or re- 
sistors. 


Description 


Figure 1 shows the rectifier. Figure 2 
is a diagram of the manner in which the 
rectifier is connected to the power system 
and the test device. A schematie dia- 
gram of the internal connections of the 
rectifier appears in Figures 3 and 4. 

Simplification of the firing circuit was 
obtained by using the load current to fire 


the ignitors. This arrangement also , 


eliminated the problem of co-ordinating 
the phase shift of one voltage source with 
respect to the other when high currents 
were drawn from the transformer. In 
order to make this scheme successful, it is 
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necessary to connect a load resistor to th 
rectifier so that it always draws sufficien 
current to cause the ignitrons to fire 
This resistor is reconnectable by a serie 
parallel switch loading the rectifier t 
about 100 amperes at 250 volts and 5! 
amperes at 600 volts. 

For cooling, all six tubes were connectec 
in series to the city water supply, witl 
a flow switch at the outlet of the las 
tube arranged to interlock the circuit si 
that the rectifier could not be operate 
unless the water was turned on. N 
attempt was made to recirculate th 
water through the jackets. 

A sequence control is provided (se 
Figure 4) to sequence the rectifier b: 
establishing direct current through th 
load resistor just prior to the closing 
the contacts of the device being testec 
A timer then opens the device, afte 
which the operator releases the pus 
button to de-energize the rectifier. Thi 
provides two desirable features in that i 


Figure 1. Rectifier installation 
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Figure 2. Connections to power supply 


saves power during the off period and 
gives the operator fingertip control of the 
current should the test contactor fail to 
open the circuit. 

The use of the manual button to start 
each cycle of contactor operation has 
been chosen purposely to obtain random 
operation of the contactor with respect 
to the ripple voltage. Automatic timing 
in some cases has a tendency to cause the 
contactor being tested to be cycled 
closed at the same point of the cycle for 
each operation. Such an arrangement 
is considered an unfair test, although if 
zero phase back is used in the rectifier the 

ripple voltage is more or less insignificant. 
Reference to the oscillogram (Figure 5) 
will indicate the proportions of ripple 
voltage encountered. 

It will be noted that six ignitron tubes 
are used, giving the equivalent of 6-phase 
Operation, but that only three connec- 
tions are brought out from the trans- 
former. While this was a necessary part 
of this particular installation because 
the transformer was provided with only 
the three extérnal connections for each 
set of voltages, it also provides additional 
limitations to the current in the case of 
flashbacks, because two tubes are always 
in series for conduction. 

Voltage taps used on the transformer 
input are 240, 480, and 600. These taps 
give voltages on the d-c side of approxi- 
mately 275, 600, and 750. Another tap 
available on the transformer at 120 volts 
could not be used because proper ignition 
of the ignitron does not occur at this low 
voltage. An attempt to use it caused the 
S-ampere fuses to blow in the ignitor 
Cireuits. For voltages below 275 the 
Phase-back control may be used. Phase- 
back control is not considered satisfac- 
tory for rupture tests since the ripple 
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Figure 3. Rectifier power and ignitor circuits 


voltage becomes disproportionate and 
aids the device being tested in the in- 
terruption of the current. However, it 
is useful in supplying voltages for motors 


ATX 


220 VOLT 
LIGHTING SUPPLY 


Figure 4. Rectifier control circuit 
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as the additional ripple voltage may be 
of little consequence. 

It is realized that the rectifier is not 
identical to a generator because of the 
difference in the amount of inductance 
in the system. It will be noted from the 
oscillogram, however, that the recovery 
of voltage is fast in the case of the recti- 
fier system. For test work a fast re- 
covery of voltage usually leads to the 
earliest breakdown of the equipment 
being tested. However, a fast recovery 
voltage indicates a small amount of in- 
ductance in the circuit and may, there- 
fore, fail to bring out a flashover which 
might be aggravated by some extra 
inductance. Up to about 50 amperes a 
blind spot-check was made on a special 
100-ampere contactor. Failure by hold- 
ing the are occurred with the rectifier at 
270 volts and with a 25-kw 250-volt d-c 
generator as the power source in such a 
way as to indicate that the results cross 
check. 

This equipment is limited in capacity 
by the size of ignitron tube available, since 
one of the tubes must carry the entire 
current being drawn from the system at 
any one instant. Paralleling of tubes is 
not practical with this arrangement be- 
cause the scheme does not provide as- 
surance that both tubes in parallel would 
be fired and carrying current. 

The rectifier terminal voltage plotted 
against current load is shown in Figure 6. 
It will be noted that this curve is not a 
straight line. Early effort indicated that 
this was traceable to errors in obtaining 
data. Refinement in data closely con- 
firmed the shape of the curve as all data 
points touch the curve line. While 
firm conclusions were not reached, con- 
tributing factors may be capacitance ef 
fect at lower currents, internal resistance 
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Figure 5. 


in the bus structure at higher currents. 

Current and voltage readings are taken 
by using meters equipped with mechanical 
stops so that the hand may be preset to 
just below the anticipated value. The 
meter hand may then move through only 
a short distance to give a reasonably ac- 
curate reading on a current which flows 
less than one second. For voltage read- 
ings for the high currents an extra con- 
tact on control relay CR1 is used to con- 
nect the voltmeter at the same instant 
that the load is connected. This permits 
the use of a meter having a lower full- 
scale reading for the lower voltage read- 
ings. 

The regulation of this rectifier together 
with the inductance and recovery voltage 
characteristics may or may not make it 
typical as a source of test power. Since 
there is a trend in the industry to use 
rectifiers as power supply, it may be- 
come increasingly important to use a 
rectifier as a source of power when testing 
devices which ultimately may be applied 


Masai 


Oscillogram of ripple and recovery voltages 


VOLTS AT RECTIFIER TERMINALS 


THOUSANDS OF AMPERES 
Figure 6. Regulation curve 


where rectifiers are used as a source of 
direct current. 

Figure 7 shows contacts that have 
undergone rupture tests using power from 
this unit. Note the separation of facing 
material on contacts in the upper left and 


lower right. Erosion of the backing 
material shows in the lower sets. Con- 
tacts at the upper right are a copper alloy 
enduring successfully over 10,000 am- 
peres at 275 volts. 

The floor space occupied by this equip- 
ment is 41 inches wide by 21 inches deep. 
The cabinet proper is 80 inches high. 
An additional 30 inches in height is used 
to mount the minimum load resistor. 
Water connections are brought in from 
the left and feeders from the right. 


Conclusion 


In summary we may say that this 
scheme of providing d-c power provides 
characteristics which are quite accept- 
able for testing up to 10,000 amperes at 
250 volts, it has a greatly reduced cost 
when compared to rotating equipment, it 
is quite flexible as far as voltage output 
is concerned in the range of 250 to 750 
volts, and it occupies a cubicle small by 
comparison with rotating equipment. 


No Discussion 
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Transformer Magnetizing Inrush Current 


To Re SPECHT 


MEMBER AIEE 


HIS paper will develop formulas and 

curves for calculating approximately 
the magnetizing inrush curve of a trans- 
former. Formulas have been given by 
others for calculating the peak of the 
first cycle of inrush current,! but no con- 
venient method has been given for de- 
termining the shape of the inrush curve. 
This information is of interest for a num- 
ber of reasons. Where a transformer is 
protected by fuses, the fuse must have 
characteristics such that it will carry the 
magnetizing inrush current. Overload 
and differential relays must have suffi- 
cient time delay so as not to operate 
falsely on magnetizing inrush. With the 
availability of a method for determining 
the shape of the inrush curve, it should be 
possible to precalculate to some degree 
the time delay it is necessary to include in 
any protective device and then determine 
how much protection the devices will give 
under steady loads. 


Theory 


The circuit that will be analyzed is 
shown in Figure 1. A source of alternat- 
ing voltage, H, is applied to a series circuit 
consisting of'‘the system reactance X,, 
system resistance R,, transformer winding 
resistance R,, and transformer magnetiz- 
ing reactance X;, The transformer is as- 
sumed to be a single-phase transformer. 
Reference 1 describes how to use this data 
with a 3-phase transformer or bank of 
transformers. The winding of the trans- 
former is assumed to have infinite react- 
ance up to the saturation point and to 
have a finite reactance X, above satura- 
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tion. The eddy losses in the core are neg- 
lected. Essentially they represent a re- 
sistance load in parallel with the trans- 
former, and if the system impedance is 
low, they should not materially affect the 
magnitude or rate of decay of the inrush 
transient. Experience factors will be 
used, which will help to take into account 
the effect of the iron. 

Referring to Figure 2, the voltage is 
assumed applied to the transformer at 
—180 degrees at the voltage zero point. 
Also the residual flux is assumed to be in 
the same direction as the flux change due 
to the applied alternating voltage so that 
they willadd. This combination will give 
the maximum inrush current. When the 
flux is below the saturation value, the 
current flowing is negligibly small. See 
Figure 3, a typical oscillogram of a mag- 
netizing inrush. The system resistance 
and the transformer winding resistance 
are combined into one, &, for the purposes 
of calculation. Also, the system react- 
ance and the transformer reactance are 
combined into one, X. For purposes of 
analysis, the transformer magnetic cir- 
cuit will be divided into two parts, the 
core and the effective space between the 
coil and the core. For purposes of visu- 
alization, the system reactance is equiv- 


[. : 
alent to an) increase in the space between 
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Figure 1. Circuit for transformer. The voltage 
applied is E. X; and R, are the supply react- 
ance and resistance. R; is the resistance of the 
transformer winding and X, is the saturated 
reactance of the transformer 


the coil and the core. 
the circuit is then 


The equation for 


Nd 
—4/2E sin wt =iR4+—7*10-* (1) 


The quantity ¢ is the flux linked by the 
winding excited. Integrating this equa- 


tion from —7/w tot: 
QE ( 

MY (1+ cos wt) = f iRdt+ 
@ —1/w 


N(¢—@,)10-® (2) 


Let ¢» be the maximum normal flux due 
to the applied voltage. 
4/2E108 

wN 


om = (3) 


Then from equation 2 and 3, 


108 : 
o=¢r+eom(l+ cos wt) — — iRdt 
N —1/w 
(4) 
The flux at the end of the cycle when 
wt=-+7 is: 


Lor (-7/@ 


$= or— iRdt (5) 


—1/w 

From equation 5 it is seen that the inte- 
grated 7R drop over a cycle has the effect 
of reducing the residual flux. As long as 
there is a d-c component in 7, this term 
will continue to reduce the residual flux 
each cycle. The method used in this 
paper is as follows: 


1. Use a simplified equation 4 for the first 
cycle assuming the integrated 7R term is 
negligibly small. For most transformers 
supplied from normal sources of power this 
is true. 


2. Using this simplified equation 4, deter- 
mine the current for the first cycle. 


3. From equation 5, determine the residual 
flux at the start of the second cycle. The 
evaluation of the integrated iR term for a 
cycle will subsequently be explained. 

4. Use this new value of residual flux in 
simplified equation 4, and determine the 
current for the second cycle. 


5. Continue this process to find the com- 
plete inrush curve. 


Neglecting the last term of equation 4, 
this equation becomes: 


$=ortdm(l+cos wt) (6) 
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Figure 2. Instantaneous voltage, current, and 
flux in a transformer for one cycle of magnetiz- 
ing inrush 


and will apply for any particular cycle. 
Up to saturation there is no flux in the 
space between the core and coil. Above 
saturation the permeability of the core 
will be assumed to be constant, hence the 
coil will have an effective inductance L 
above saturation. The saturation flux 
in the core is ¢;. Above saturation the 
following equation applies, 
age 

N—10-t= 2 (7) 
Integrating this from the instant at which 
the core saturates: 


o i di 
weno | We a: (8) 
dt dt 
os 0 


N(¢—¢s) 10-8 = Li (9) 
N1078 
‘= L (¢—$s) (10) 


Substituting into equation 10 the value 
of @ from equation 6, 


=5 


i= LC (¢r+6m—¢s+om COS wt) (11) 
Using equation 8, 

__ V2E (¢r+om—s 

t= x Ae + cos wt (12) 


Let @ equal the angle at which 7=0, that 
is, the angle at which saturation occurs: 


ea bs — bm — br (13) 
dm 
Substituting this in equation 12, 
2E 
‘= Ne (cos wt— cos @) (14) 


Next will be derived an expression for 
the saturation angle for any cycle. The 


I 


Figure 3. Oscillogram of magnetizing inrush 
for a 10-kva transformer. The peak of the first 
cycle of current, lower trace, is 663 amperes, 
and the rms value of the voltage is 450 volts 
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saturation angle for the first cycle is from 
equation 13, where dr is the initial re- 
sidual flux: 


os —om—R 


cos 6; = (15) 
gdm 
Or, 
B;—Byn—B 
os = (16) 
Bm, 


since these fluxes are all in the iron and 
are all referred to the same core area. 
The current flowing during the first cycle 
is, 


(17) 


(cos wt— cos 61) 


The flux at the end of the first cycle is 
from equation 5, 


108 1/2ER 
TPR Ta ie 
O1/w 
WL (cos wt—cos 6,)di (18) 
—ti/w 
Let 
6/w 
A (0) =a: hi (cos wt— cos 6)dt 
—6/w 
=2(sin @—@ cos 6) (19) 
Figure 8 is a curve of A(@). Then, 
R 
-=or—dm xX A (61) (20) 


The flux at the end of the n’th cycle, 
which is the residual flux, is then by con- 
tinuing the process, 


n 


hele 
r=OR omy A(6) 


1 


(21) 


Substituting this in equation 13, the 


= 
n mot ODO oO 090 POTS o oO 
nun OF OD iS ce} 

= nm 


CYCLE NUMBER 


Figure 4. The saturation angle @ as a function 

of the number of cycles for various values of 

k; R/X. The curves are drawn for 6,=180 

degrees except for the curve for k; R/X =0.2 
: where 6:=110 degrees 
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saturation angle 9 for the n’th cycle is: 


n=l 


¢s—dm—br , R 
ee A(6 22 
cos on Xx ) (6) (22) 
1 
n—1 
R 
cos 6= cos + X ) A(@) (23) 


1 ve 


The maximum current for a particular 
cycle would be from equation 14, 


_ VIE 


iM Be 


(1— cos @) (24) 

The average current for the first 
cycles will next be derived. For any par- 
ticular cycle, for that cycle, from equa- 
tion 14 and 19, 


0/w 5 
We idt= ve (cos wi— cos 0)dt 
—0/w x 
(25) 
» \/2E A(6 26) 
x w 


For the first 7 cycles, the average current 
would be, 


Sidt_V2E u A@) 


24n 


(27) 


lave —r7 = 
) 


The rms current for the first ” cycles 
will next be derived. For any particular 
cycle, for that cycle, from equation 14, 


6/0 /2E 2 
dt = [2 (cos wt— cos 0 | dt 
—6/a x 


(28) 
-(y-2 (29) 
x w 
where 
R(0) =20+86 cos 26 -5 sin 26 (30) 


Figure 9 is a curve for the R(@). For the 
first n cycles, the rms current would be, 


n wh} 
Spd iE | URO 
l a ee SS =— Ss 1 
pic 20n x Onn 
(3) 
(31) 


Practical Formulas 


The formulas derived above should be 
modified by experience factors. These 
also will be affected by the formula chosen 
to calculate X, It was decided to cal- 
culate X, in such a manner that it will 
give the same maximum current for the 
first cycle as in reference 1. 

20fN2A 5 1078 


A; = —————. ohms 


h (32) 
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Three experience factors were decided 
on, the first is for the saturation angle for 
the first pulse: 


By;—Bm—Br 


6,=k, cos~! 
1 1 Brn 


(33) 
The second experience factor is for the 


maximum current for a cycle, 
\\ 
V/2E 


Xx 


iy = ke (a— cos 0) (34) 
The third experience factor affects the 


decay of the inrush. 


= 


R 
cos 6= cos +k, x ) A(6) 


1 


(35) 


An analysis was made of seven units 
from 10 kva to 20,000 kva that had had 
their magnetizing inrush measured and 
the average values of these constants are 
as follows: 


k; =0.90 
ko =1.15 
ky =2.26 


The value of k; was chosen so that the 
peak of the sixth cycle of current was 
matched. 

A value of 20.2 kilogausses has been 
used for B,, the saturation flux density, for 
both hot and cold rolled steels. The 
values for the residual flux density used 
are as follows: 


Brp=60 per cent B,, for hot rolled steel. 
Br=90 per cent B,, for cold rolled steel. 
Br=50 per cent By, for type C cores. 


The coefficient k, also will apply to 
equation 27 and 31 for the average and 
rms currents as follows: 


> 40) 


, ho/2E (36) 
lave —n = 
a x Qrn 
n Vo 
bv/2E] RO) (37) 
irms—n=——7| — 
x 27n 


It is possible to draw curves of these 
various functions aud reduce the labor of 
calculations to a minimum. From equa- 
tion 35 it is seen that 6 is a function of 6,, 
k3R/X, and the number of the cycle, 1. 
If, for example, the series of points for 
9=180 degrees and k3R/X=0.1 are 
plotted, it will be found 6.=112 degrees, 
6;=92 degrees, and so forth. If the series 
of points corresponding to #:=112 de- 
grees and k3R/X=0.1 are plotted, the 
new 4.=92 degrees, the same as 63 above. 
It is rather evident from an inspection of 
equation 35 that all the points for the 
second series of points must coincide with 
the first series if the second series are all 
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moved over one cycle number. This 
suggests the possibility of using one curve 
for all values of 6; for a given value of 
k3R/X. Such a set of curves are shown in 
Figure 4 for various values of kgR/X. To 
use this curve, calculate the value of 6, 
according to equation 33. 

On the appropriate curve on Figure 4 
find the cycle number where the angle is 
equal to 6;. This number need not be an 
integer. Call this cycle number ‘‘p”. 
0, will then be read from the curve at 
p+1, 6; at p+2, and so forth. The por- 
tion of the curve between the first and 
second cycle number curves quite rapidly. 
This portion of the curve was determined 
indirectly. An intermediate value of 6; 
that lies between the first and second 
cycle number was assumed, and @, cal- 
culated by equation 35. Then the cycle 
number for 62 is read from the curve and 
6, marked on the curve at this cycle 
number less one. The curve for kgR/X = 
0.2 starts at 0,=110 degrees. This is 
necessary, for angles greater than 110 
degrees cannot be considered by this 
method for k,;R/X =0.2, for then the in- 


Figure 5. The value of 1— cos 0 as a function 

of the number of cycles for various values of 

k,; R/X. The maximum current for a particular 
cycle is proportional to 1— cos 0 
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Figure 6, 2A(0) as a function of the number 
of cycles for various values of k, R/X 
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Figure 7. R(0) as a function of the number 
of cycles for various values of k, R/X 


tegrated iR term in equation 4 cannot be 
neglected. The value of 0.2 for k3R/X is 
actually about as large as can be used. 
See the Appendix for further discussion of 
this point. 

Figure 5 is a curve of l—cos 6. The 
value of p is determined from Figure 4 as 
described previously. The value of 1— 
cos @ for the first cycle is read at cycle 
number p, the value for the second cycle 
at cycle number p+1, and so forth. The 
maximum current for each cycle is then 
calculated by equation 34, 

Figure 6 is a curve of ZA(@) using the 
values of @ from Figure 4. To use this 
curve to find the value of ZA(@) for n 
cycles proceed as follows. Find p as 
described from Figure 4. Read the value 
of ZA(6) at n+p—1 and at p—1. The 
difference of these two quantities is the 
desired summation. The average cur- 
rent can then be calculated from equa- 
tion 36. On Figure 6, the portions of the 
curve for cycle numbers less than one 
were deduced by an indirect process. 
The value of 2A(O) at ~, minus the value 
of DA(@) at p—1 must be equal to A(6;) 
where 6; corresponds to p. Therefore the 
value of 2 A(@) at p—1 is equal tothe value 
of DA(@) at p, minus A(6;). For this, of 
course, p lies between 1 and 2. 

Figure 7 is a curve similar to Figure 6 
except for 2R(O). It is used in the same 
manner as Figure 6. With this, the rms 
current for the first 1 cycles can be cal- 
culated by equation 37. 


EXAMPLE 


An example will be worked out for the 
transformer which has the magnetizing 
inrush curve shown in Figure 3. This 
transformer is rated 10 kva, 60 cycles. 
The value of 6; calculated by equation 33 
was 95 degrees compared to 85 degrees 
measured. The value of k,R/X was 
0.154. Referring to Figure 4, for 0,=95 
degrees and k3R/X =0.154, p=1.8. To 
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Figure 8. A(@) asa function of cos 6. It is 

more convenient to have this plotted as a func- 

tion of cos @ rather than 6 for use with equation 
23 


determine the maximum current for the 
first, sixth, and fifteenth cycles, read the 
value of 1—cos @ from Figure 5 at the 
following cycle numbers: 


14+1.8—1= 1.8: 1—cos6é=1.1 
6+1.8—1= 6.8: 1— cos @=0.29 
15+1.8—1=15.8: 1—cos6=0.10 


The maximum current for the first 
cycle is from equation 34: 


1.15+/2 (450) 
0.956 


xX 1.1=841 amperes 


For the sixth and fifteenth cycles the cur- 
rents are 222 and 77 amperes. The meas- 
ured values are 663, 265, and 106 am- 
peres. 

To determine the average current for 
the first 15 cycles, read from Figure 6 the 
value of 2A(6) at the following points. 


15+1.8—-1=15.8; (6) =12 
18-1=18; 2(¢)=53 


The difference is 6.7. Then the average 

current for the first 15 cycles is: 

1.15+/2(450) 6.7 
0.956 15X29 


= 54.5 
amperes 


lavg —16 = 


To determine the rms current for the 
first 15 cycles, read from Figure 7 the 
values of 2R() at the following points: 


15+1.8—1=15.8; 
1.8—-1= 0.8; 


ZR(G)=11.2 
ZR(6) =7.8 
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Figure 9. R (0) as a function of cos @ 


The difference is 3.4. Then the rms cur- 
rent for the first 15 cycles is: 


; 1.15+/2(450)[ 3.4 72 
asin! a 15X20 


0.956 
=146 amperes 


Conclusions 


This method of calculation will make it 
possible, by use of the curves, to readily 
calculate the maximum value of the mag- 
netizing inrush current for any cycle of 
current, the average value of the current 
for the first 1 cycles, and the rms value of 
the current for the first m cycles. The ac- 
curacy is apparently as good as usual 
calculations for magnetizing inrush, +40 
per cent or so. 


Symbols 


A;=area inside the mean turn of winding 
excited, square inches 

B»=maximum flux density in core due to 
the applied alternating voltage, E, 
steady state, in kilogauss 

Br=residual flux density in core at moment 
voltage is applied to winding, kilo- 
gauss 

Bs=saturation flux density of core, kilo- 
gauss 

E=supply alternating voltage, rms volts 

f=frequency of supply voltage, cycles per 
second 

h=height of winding excited, inches 

i=instautaneous current in winding excited, 
amperes 

davg—n =average current for the first x 
cycles, amperes 
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im =maximum current for a particular 
cycle, amperes 

irms—n=tms value of the current for the first 
n cycles, amperes 

k=cycle number where the saturation angle 
6 is 3/; radian 

ki=correction factor for the saturation 
angle, about 0.90 

ko =correction factor for the maximum cur- 
rent, about 1.15 


k;=correction factor for the decay ofthe | 


inrush, about 2.26 

L=X/w, henrys 

n=cycle number 

N=turns in the winding excited 

p=number of the cycle where @ is equal to 
6, on Figure 4 

R=sum of Rs+ Ri, ohms 

R;=resistance of the supply circuit, ohms 

R,=resistance of the winding excited, ohms 

R(0)=R function of 6. See equation 30 

t=time, in seconds 

X =sum of X,+ X;, ohms 

X,=reactance of the supply circuit, ohms 

X,=saturated reactance of the winding 
excited, ohms. See equation 32 

A(@)=the A function of 6. See equation 19 

@=the angle before the voltage zero point 
where the core saturates, radians 

6, =the value of @ for the k’th cycle about 
3/, radian, radians 

6, =the value of @ for the first cycle, radians 

@=instantaneous flux linking the winding 
excited, lines 

ém=maximum flux in core due to the ap- 
plied alternating voltage, EZ, steady 
state, lines 

¢,=residual flux in core for a particular 
cycle, lines 

or =residual flux in core at moment voltage 
is applied to winding, lines 

¢s=saturation flux of core, lines 

w=2zf, radians per second 


Appendix 


Maximum Values of 4; R/X 


This value of kg R/X must not be too 
large. If R is too large compared to X, it 
will start to control the current. The 
formula was derived on the assumption that 
R is negligibly small in comparison to X. 
Substituting into equation 10 the exact 
value of ¢ from equation 4, 


N1078 
L 


t= 


(«. +m —¢s +m COs wt — 


108 
W iRdt ) (38) 


If the integrated 7R term for a full cycle is 
held to less than !/2 of the maximum of the 
rest of the terms, it should not be too serious 
to neglect the last term. 


: 1 

10" | sRdtS=(6+ 26nd) (39) 
N 2 

From equation 26, 

108 -\/2E A(@) 1 F 
= RSS Sa = 

wk XY wo aor + 2dm $s) (40) 


And with equations 3 and 18, equation 40 
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can be rewritten, 


R or+2¢m—s 1— cos 0 
—A(6)s3——____—_—_ = ——__- 1 
X OF Qn 5 (41) 
Introducing k;, 
1— cos 6 
ys ——_— 
kg R/X 2A(0) (42) 


For 9= 180 degrees it is 0.16, for 120 degrees 
it is 0.20, and for 90 degrees it is 0.25. For 
smaller angles this increases indefinitely. 
Hence, if it is all right for the first cycle, it is 
all right for the rest of the inrush. 


Relations for 6 Less Than 3/4 
Radian 


It is possible to make certain simplifica- 
tions when @ is less than */, radian that will 
be quite useful and reduce considerably the 
time required to draw the curves such as 
Figures 4, 5, 6, and 7. 


A(@) =2(sin @—6 cos 0)= 


268 ? 208 
—\l——...)=— (43) 
3 10 


R(0) =20++0 cos a9 —3 


5 Sin 20> 


Let k be the cycle number where @ is 3/, 
radian or less. Then equation 35 can be 
written as follows: 


é 
k 


> 
cos 0= cos they A(0)+ 


1 


R n—1 
nF fh A(@)dn (45) 
a 


Substitution of the integral for the summa- 
tion is a good approximation for A(@) does 
not change appreciably in one cycle for 6 
less than #/,radian. Differentiating this and 
substituting the value of A(@) from equation 
43, 


0 
—sin 6—=k; — 63 4 
sin 07 sha oy (46) 


For angles less than */, radian, sin 0 is ap- 
proximately equal to @ for the accuracy 
desired. Making that substitution and 
integrating the resulting equation from 6; 
todandk ton, 
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~ RQR 47 
3 =(n- +> (47) 


Where 


k—1 


mk Ao 48 
xX ) (48) 


1 


cos 6;= cos + 


Also by appropriate substitutions and inte- 
grations, 


> | A() = fos vine Se | Ex 


GAO ey ipa | 28 Gone 
Kd Fi eee a) a 
iy" x 

—|! | = ——(@,!—6 49 
| ’ OER’ Kk” — 0?) (49) 


By a similar process, 


n 


x 
—f#4 
) RO) = eR (0x4 —64) (50) 
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Discussion 


G. Camilli (General Electric Company, 
Pittsfield, Mass.): The author of this paper 
has developed an interesting method for the 
calculation of the magnetizing inrush cur- 
rent curve of a transformer. From the 
practical standpoint, however, it appears 
that the formulas have very limited appli- 
cations. It is stated that the information 
will be useful in precalculating the values of 
any protective device, and for the selection 
of fuses. As far as the protective devices 
are concerned, the knowledge of the effective 
value and average value of the inrush cur- 
rent for the first few cycles may be of some 
value only when it is desirable to desensitize 
_ the differential relays or to make them en- 
tirely ineffective for a few seconds or until 
the inrush current has had an opportunity 
to decay. Unfortunately, this practice 
tends, in some measure, to defeat the pur- 
pose of the differential relays, since insula- 
tion failures in transformers have been 
known to occur at the instant of energizing. 
The calculation of the wave shape of the 
inrush current has no practical consequence 
when harmonic restrained differential relays 
are used. In these relays the harmonic re- 
Straining forces are provided by harmonic 
components of current, and, since typical in- 
tush current wave forms are rich in harmonic 
content, relay operation is prevented so long 
as the differential current is of this type. 
In applying fuses in series with trans- 
mers, care should be taken to select fuses 
are large enough so that they will not 
he by the transformer inrush cur- 
ee Essentially all the heat developed in a 
during the transient inrush period goes 
raising the temperature of the fusible 
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element, very little being dissipated from 
the element during the short interval needed. 

The following equation may be written 
applying to the heating during the inrush 
period: 


IM=K 

where J = current in the fuse in amperes 
t = time in seconds 
K = constant depending on the size 


and material of the fusing 
element 


The Jt of any fuse may be obtained from 
the manufacturer’s published characteris- 
tics, usually given as a time-current curve 
plotted on logarithmic co-ordinates so that 
this portion is represented as a straight line. 
It is only necessary then to know the /* 
corresponding |to the transformer magnetiz- 
ing current, in order to select a fuse that will 
withstand it safely. 

The J*t representing the inrush for any 
specific transformer is, of course, a function 
of both the magnitude of the first current 
loop and the rate of decay, neither of which 
is usually known without a rather exhaustive 
study of the transformer and the system to 
which it is connected. A series of tests! has 
indicated that the total Jt of the inrush 
may be approximated with sufficient ac- 
curacy for the purpose of fuse application. 
Although the maximum crest inrush current 
of the several sizes of transformers tested 
ranged from 11 to 20 times their normal full- 
load crest current, and the interval re- 
quired for these transient currents to decay 
to normal values extended from 33 to 120 
cycles, it was found that for each trans- 
former tested the total Jt in its magnetizing 
inrush was numerically almost the same as 


Specht—Transformer Magnetizing Inrush Current 


if 10 times normal full-load current had 
been flowing for 0.1 second. 

This leads to a rather simple criterion for 
selecting fuses that will withstand magnetiz- 
ing inrush currents safely. Allowing what 
appears to be a reasonable margin in excess of 
the total J in the transformer inrush, it 
has been suggested that fuses be selected on 
the basis that at the 0.1-second point on the 
characteristic curve they be capable of car- 
rying at least 12 times the transformer full- 
load current. 

Mr. Specht’s formulas apply only to a 
single-phase transformer with one wound 
(that is, active) leg. 

In energizing a 3-phase transformer the 
inrush current generally will be quite dif- 
ferent in all three phases. Furthermore, 
analysis may be complicated by the fact 
that all poles of the switch may not close 
simultaneously. Statistical studies, in these 
cases, similar to those made in reference 1 of 
this discussion are more useful than analyti- 
cal studies based on uncertain conditions. 
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T. R. Specht: It is interesting that it has 
been concluded by Mr. Camilli that fuses 
can be applied by the rule that they be able 
to carry 12 times the transformer rated 
current for 0.1 second. I calculated the 
equivalent magnetizing inrush current for 
three transformers referred to 0.1-second 
basis. The values for 10-, 25-, and 6,000-kva 
transformers are 11, 7.5, and 9.2 times nor- 
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mal current With the number of variables 
that could affect the magnetizing inrush 
current, this is in good agreement 

The formulas in the paper are applicable 


to single-phase transformers with more than 
one wound leg. The saturated reactance of 
each coil could be calculated and the sum 
used for the formulas. For 3-phase trans- 


| An Investigation of Audio Noise 


in Substation-Type Transformers 


J. H. VIVIAN 


FELLOW AIEE 


NTIL RECENT years, the audio 
U noise emanating from substation 
transformers occasioned few complaints, 
but as substation installations in con- 
gested areas increased, utilities became 
aware of the necessity for limiting the in- 
Recogni- 
tion of this developing noise problem a few 
years before World War II led to the 
collaboration of utilities and transformer 
manufacturers for adopting some sort of 
noise standards. This action resulted in 
the establishment of the National Elec- 
trical Manufacturers Association (NE- 
MA) Standards* which consist primarily 
of tabulated ratings of the average noise 


tensity of transformer noise. 


levels of transformers then being pro- 
duced, plus a margin of safety. 

Attention is called to two developments 
relating to the application and manufac- 
ture of transformers that have taken 
place since the adoption of the present 
standards: 


1. Economic studies have favored the 
utilization of the unit-type substation. 
This has resulted in a marked increase in the 
use of such substations located in well- 
developed residential and commercial areas. 
Often the transformers are immediately 
adjacent to homes and apartment buildings. 


2. Manufacturers, in producing these unit- 


type substations, incorporated the latest 
type cold rolled steel which could be worked 
up to 100 kilo lines per square inch. This 
was done to make the use of such stations 
economically feasible, but in so doing, 
necessarily increased the noise level of the 
transformers. 


The placing of noisier transformers 
close to residences has, of course, resulted 
in complaints. Utilities now face the 
following three questions: 


* NEMA Standards for Transformers. Publica- 
tions Number 48-132, Section TR3-130, National 
Electrical Manufacturers»Association (New York), 
September 1948. 
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1. Are the present NEMA standards ade- 
quate? 

2. If the present standards are not ade- 
quate, what is acceptable? 

3. What is the practical solution for cor- 
recting transformers with high noise levels 
which have already been installed or have 
already been purchased? 


The Southern California Edison Com- 
pany felt that the problem should be in- 
vestigated by studying the conditions on 
its own system. This study would then 
give the company firm grounds for any 
change in standards it might request, and 
would also be of value to other utilities 
facing the same problem. 


Southern California Edison 
Company Investigation 


Noise Measurements. For the pur- 
pose of this study, the unit decibel is used 
throughout. In general, we may define 
the decibel as the smallest change in sound 
level which can be detected by the 
human ear. The zero decibel (db) level 
is at the threshold of hearing and is very 
seldom reached except under laboratory 
conditions. 

Measurements were made with the 
General Radio Sound Level Meter and, 
whenever possible, were made in accord- 
ance with the NEMA Standard pro- 
cedure. Three scales are available from 
this meter, namely, the A scale which is a 


Paper 51-55, recommended by the AIEE Trans- 
formers Committee and approved by the Tech- 
nical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951, Manuscript submitted 


October 18, 1950; made available for printing 
December 5, 1950. 


J. H. Vivian is with the Southern California Edison 
Company, Los Angeles, Calif., and R. R. Peck is 
with the Line Material Company, Milwaukee, Wis. 
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: , I) 
formers an approximation to the current 
can be determined from the single-phase 


magnetizing inrush current by the methods 
given in reference 1 in the paper. 


tan 


weighted scale normally used for noise 
levels up to 60 db; the B scale for noise 
levels up to 90 db; and the C scale for 
levels above 90 db. All readings in this 
report were recorded on the A scale, since 
it is almost impossible to obtain average 
noise level readings in a given study by 
jumping from one scale to another, and 
since the majority of readings taken were 
below 70 db. 


Noise Level of New Transformers. In 
order to verify or disprove the contention 
that the transformers now being received 
are close to NEMA Standards, a number 
of new transformers were checked in the 
Test Laboratory. Table I lists some of 
the typical transformers. 

The noise levels of new transformers are 
generally close to the NEMA upper limit. 
It is interesting to note that although the 
NEMA Standards allow higher noise 
levels for larger transformers, the cus- 
tomer who hears the transformer noise 
makes no such distinction. Some noise 
complaints have been received when a 
small bank has been replaced with a bank 
of larger rating, even when the noise level 
of the new bank conformed to the NE- 
MA Standard. 


Determination of Ambient Noise Levels. 
One of the prime factors in deciding 
whether a transformer noise is objection- 
able or not depends on the ambient noise 
level and how much above or below this 
level a transformer noise can be identi- 
fied. Atypicalresidential, commercial, and 
industrial area was selected for a 24-hour 
test. Readings were made with a General 
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Figure 1. Noise levels encountered in a 


typical residential area ; 
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Noise levels encountered in a 
typical commercial area 


Figure 2. 


Radio Noise Meter with sufficient reg- 
ularity to permit the plotting of curves 
shown in Figures 1, 2, and 3. The loca- 
tions of these tests were carefully selected 
in order to avoid the accentuation of any 
one given noise and to arrive at a true am- 
bient noise level. 

During the quiet part of the morning, a 
transformer noise was traced from the 
substation to the point at which it was no 
longer distinguishable. The results are 
plotted in Figure 4. This indicates that 
it is necessary to drop the transformer 
noise 8 db below ambient before it is lost. 
Apparently this is true because the 
majority of ambient noises are made up of 
numerous intermittent sounds of varying 
pitch, whereas, the transformer noise is a 
steady pitch. 

Tn all cases, the minimum readings be- 
came the ambient level since it was neces- 
sary to lower the transformer noise 8 db 
below the minimum before it became in- 
audible, and since the quiescent periods 
were of relatively long duration. 

Other utilities report that they have 
encountered minimum ambient noise 
levels of 25 db and that in some cases it 
was necessary to lower the transformer 
noise 10 db below ambient to lose it. 


Effectiveness of Brick Wall Enclosures. 
Recently the Southern California Edison 
Company has built several substations 
with ornamental brick walls enclosing the 
Station property. These walls have en- 
hanced the appearance of the station con- 
siderably, but, nevertheless, noise from 
the transformers has been reported at 
Various points away from the station. It 
was, therefore, thought advisable to in- 
vestigate the manner in which the noise 
was leaving the substation. 

One of the new brick wall substations 
was chosen in the residential area, and a 
number of noise measurements, both on 
the ground and in the air, inside and out 
of the station were made. These measure- 
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ments were made with the assistance of a 
street lighting ladder truck and were 
made in sufficient number to establish the 
noise profiles as shown in Figure 5. 

Numerous reflections were noted inside 
the station and in the air above the sta- 
tion, indicating that the walls and ground 
were good reflectors. Examination of 
Figure 5 indicates that the brick wall 
shields only a small area, directly outside 
the substation. 

Occasionally, reports of transformer 
noise have been received from a location 
relatively remote from a station, and a 
review of factors affecting the transmis- 
sion of sound was made. The major 
factors may be briefly explained as fol- 
lows: 


Temperature Inversion. Whenever a rela- 
tively cold stratum of air is next to the 
ground with a warm stratum above it, sound 
may leave its source near the ground, travel 
upward until the air changes temperature 
and then bend to earth again. The path of 
the sound is the form of an inverted cate- 
nary. Cases have been reported where the 
ground acted as a reflector, causing the 
sound to make a second hop resulting in a 
series of diminishing concentric circles about 
the source. When warm air is next to the 
ground and cold air is above, the reverse 
path takes place and the sound is diverted 
upward and is lost. 


Wind. Sound is known to travel great 
distances with the wind, but it also attenu- 
ates rapidly if it is against the wind. 


Fog. A uniform stratum of fog transmits 
sound readily. Intermittent patches of fog 
tend to disperse the sound and attenuate it. 


Applied Voltage. Each time the voltage 
applied to a transformer is increased, the 
flux density of the core is increased. A 
higher flux density will raise the noise level 
at the transformer. 


It is, of course, possible for these effects 
to combine in a number of different ways, 
creating unusual noise patterns that make 
predictions difficult when wall-enclosed 
substations are involved. 


Theoretical versus Experienced Attenua- 
tion of Noise. Theoretical formulas for 
sound attenuation indicate that the at- 
tenuation should be at the rate of 6 db 


fo) = 


12 6 12 6 2 
AM. P.M, 
Figure 3. Noise levels encountered in a 


typical industrial area 


each time the distance from the source is 
doubled. This curve is plotted in Figure 
6 and is marked Theoretical Attenuation. 
The curve assumed a 65-db transformer 
as the source. Curves for other trans- 
formers may be visualized by simply 
raising or lowering the curve the required 
number of db. 

The experience of our tests, as well as 
the experience of others, indicates that an 
attenuation of 4.5 db each time the dis- 
tance is doubled, as plotted in the same 
Figure 6, is a much more realistic figure. 
This curve is marked Attenuation Ex- 
perienced. 

The 22-db line is also shown and rep- 
resents the level to which transformer 
noise must be lowered in residential areas 
in order for it to become unidentifiable. 
This line is 8 db below the ambient noise 
recorded in the early hours of the morning. 
A similar line is shown at 30 db which is 
applicable in commercial areas. 

From Figure 6 we may draw the con- 
clusion that a 65-db transformer may be 
heard over an approximate mile radius 
during the early hours of the morning in 
a residential area, provided there are no 
obstructions such as houses, walls, trees, 
between the listener and the transformer. 

From this same curve we may also de- 
duct that a sound from a 40-db trans- 
former would not be heard beyond a 
radius of 100 feet from the transformer. 


Table | 
NEMA 
Actual Noise, Standard, 

Phase Kva Voltage decibels decibels 
Leis tales siete etauay PC ip iro dion .aAg on 39 ,800/69 ,000/12,000............ TO aivesavtyeraiel acaressis 66 
ils GA ey 8), 333...0 wreeiate vans 39 ,800/69 ,000/12,000............ CSrOi yards <i 010 66 
Eee iee ace oshersi ata 3,333: 5 hacianies 39 ,800/69 ,000/12,000............ BDO). avadetnantel vets 66 
Em agte ss fis tata @ 3, 833 aan 38, 800/69 ,000/12,000............ CT ey Pateripho ras Cae 66 
Cyt Cran nO ACRE ar MAG U8) G ccann 5 onaeete £5)000//460 Ss oc. fs ye 2 tps 63 ite n cemeetels:«' 63 
(38 dow: PORN 1 , GOO Merete tes es. LS 3000/A60 GM re cts) csars.g carte 8 Go Sine caneretatete: ov.« 63 
Bin emi isis Bis 1, OOO berate pars par 15), 000/460) a) MeN aie; vervcaccherere « O5,.O iether cs.0: 63 
aiceeteratats Ses sieaia 2 OOOS rei iete cas 16), 500/ 4 pBOOV2), 5207 on es eee 60.2.5 5 apomeeectia tie 3.50 64 


* Unit-type substation, switchgear, and housing were not attached to transformers at time of test. 
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Figure 4. Attenuation of noise from residen- 
tial substations. (Audible and inaudible points) 


A few shrubs and incidental obstructions 
between the transformer and the ad- 
joining residences would make the noise 
inaudible. 

If the sound follows the path of the 
catenary caused by temperature inver- 
sion, the distance shown on the chart 
would represent the length of the cate- 
nary. 


Objectionable Noises. A noise must 
be heard before it can be objectionable, 
but obviously all audible noises are not 
objectionable. It depends a great deal 
on the individual himself. Some of the 
major factors influencing the individual 
and his objections to a sound are listed as 
follows: 


1. Like or dislike for the source of the noise. 


2. Irritation by certain frequencies. 


3. Nervous and general 


health. 


temperament 
4. Working-sleeping schedule. 


Utilities through good public relations 
and thoughtful consideration of substa- 
tion enclosures can do a lot toward mak- 
ing people like the substations, but it may 
be a difficult task to satisfy a customer 
who is sensitive to certain sound frequen- 
cies, particularly if his sleeping schedule 
is disturbed. Also, a person who is 
awakened may find it difficult to return to 
sleep and any noise that he can identify 
at that time becomes objectionable and is 
immediately identified with his inability 
to sleep. 


— aa 
TRANSFORMER 


BRICK WALL 
0 so 100 
DISTANCE IN FEET 


Figure 5. Results of noise profile tests at a 
substation showing effectiveness of brick wall 
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Figure 6 (right). o 
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Figure 7. Cross section of proposed sound 
barrier and its relation to the transformers 


Cost of Substations. Economie stud- 
ies were made on a number of Southern 
California Edison Substations. These 
stations are of recent construction and 
vary from a chain link enclosure to a 
totally enclosed building. The cost per 
kva varies considerably, and is largely 
dependent on the kva capacity installed 
and the location. Zoning ordinances 
have in many cases required the installa- 
tion of elaborate ornamental walls around 
substations. This is an expensive prac- 
tice and lessens the economic advantage 
of unit type substations. 


The Transformer Noise on a 60 Cycle 
System. The fundamental noise emit- 
ted by a transformer is 120 cycles per 
second and is caused by the expansion 
and contraction of the iron core, caused 
by magnetostriction. Various harmonics 
of 120 cycles are present in varying pro- 
portions. All parts connected to the iron 
core become radiators of sound, and if any 
of these parts are resonant to 120 cycles 
or one of its harmonics, the noise level 
will be increased. Tests were conducted 
to determine the method by which noise 
is transmitted from the core to the case of 
a transformer, and it was found that a 
large part of the noise was transmitted by 
the transformer oil. Attempts to control 
the transmission of sound in the oil proved 
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to interfere with the transfer of heat and 
hence were abandoned. Loose and res- 
onant components prove to be excellent 
radiators, but even they will not radiate 
sound unless actuated by the noisy core; 
therefore, it appears that the most effec- 
tive results will eventually be obtained 
by the use of new and different trans- 
former materials, or a new design of core 
stack which will have low magnetostric- 
tion noise. 


Test on Sound Barriers. In order to 
provide a solution for noisy transformers 
already in service, a noise barrier was 
constructed in a substation on which con- 
siderable noise data were already avail- 
able. This barrier was a frame structure 
covered on both sides with a weatherproof 
sound proofing material. The relation of 
the barrier to the transformer is shown in 
Figure 7. A direct comparison as to the 
effectiveness of this barrier may be made 
by examining Figures 5 and 8. The noise 
reduction obtained by this barrier is con- 
siderably greater than could be obtained 
by a like expenditure in purchasing trans- 
formers having low db levels. Other 
utilities have built heavy masonry barriers 
which depend on their mass to deaden the 
sound; however, any barrier, to be effec- 
tive, must be located close to the trans- 
former and high enough to prevent the 
sound bending downward over the top of 
the wall. 

Operating clearances and proper venti- 


fo) S tit - 
\_BARRIER BRICK WALL 
TRANSFORMER 
fe} 50 100 
DISTANCE IN FEET 
Figure 8. Noise profile at substation with 


sound barrier 


NOTE: Brick wall acts as a shield from noise 


outside of station during the daytime 
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lation limit the practicability of any type 
barrier and, therefore, they should not be 
considered as a permanent solution for 
noisy transformers. 


Conclusions 


1. Our experience indicates that the 
noise levels tabulated in the NEMA 
Standards are too high for power trans- 
formers which are to be used in densely 
populated areas. 

2. The noise level of transformers and 
associated apparatus must be such that 
average attenuation in air will bring the 
noise level at the nearest residence about 
8 db below the ambient, if the installation 
is to be inaudible. 

8. Sound barriers such as described in 
this paper may be used to control the 
sound, but these barriers have many 
disadvantages. The ultimate method of 
correction must be the elimination or con- 
trol of noise generating sources in the ap- 


paratus. This can only be done by the 
manufacturers. Unless the designers can 
develop equipment with suitably low 
noise levels, the use of unit type substa- 
tions will be greatly restricted. Low 
noise levels and pleasing appearance are 
vital to wide acceptance of this apparatus 
by the general public. 


References 


1. TRANSFORMER AupIO NOISE PROBLEMS ON AN 
EvLectric Power System, C. S. Murray. AIEE 
Transactions, volume 68, Part I, 1949, pages 740- 
52. 


2. TRANSFORMER SOUND LEVEL CONSIDERATIONS, 
A. J. Maslin. AJEE Transactions, volume 69, 
Part II, 1950, pages 1142-47. 


3. QureT TRANSFORMER INSTALLATIONS—A PROB- 
LEM FOR BOTH EQUIPMENT AND SUBSTATION DE- 
siGNers, I. S. Mendenhall, F. L. Taylor. AJTEE 
Transactions, volume 69, Part II, 1950, pages 
1148-53, 


4. Aupto Norse IN TRANSFORMERS IN RESIDENTIAL 
AND CommercIAL Areas, C. E. Baugh. AEE 
Transactions, volume 69, Part I, 1950, pages 121-28. 


5. THEORY AND USE OF ARCHITECTURAL ACOUS- 
tTicAL Marerracs, Paul E. Sabine. Acoustical 
Materials Association, Chicago, III. 


6. AcoustTicaL TERMINOLOGY. Pamphlet Z24.1- 
1942, American Standards Association, New York, 
N. Y., 1942. 


7. Sounp LeveL METERS FOR MEASUREMENT OF 
NoIsE AND OTHER SOUNDS. Pamphlet Z24.3- 
1944, American Standards Association, New York, 
N. Y., 1944. 


8. Sounpd AND THE Human Ear, S. Benton, 
Westinghouse Engineer (East Pittsburgh, Pa.), 
March 1949, pages 60-64. 


9. Macnetic PHENOMENA (book), S. R. Williams. 
McGraw-Hill Book Company, New York, N. Y., 
1931. 


10. Etements or Puysics (book), R. A. Millikan 
and H. G. Gale. Ginn and Company, Boston, 
Mass., 1927. 


11. Sounp (book), A. T. Jones. 
Co., Inc., New York, N. Y., 1937. 


D. Van Nostrand 


12. TrxtTsBooK or Sounp (book), E. Catchpool 
and J. Satterly. University Tutorial Press, Ltd., 
London, England, 1944. 


13. Practica, Acoustics (book), Hope Bagenal. 
Chemical Publishing Company, Brooklyn, N. Y., 
1942. 


14. Harmonic INDEX—A Toot FOR TRANS- 
FORMER Avupio Norse INvesticatTion, W. H. 
Mutschler, Jr.,T.F. Madden. AJEE Transactions, 
volume 69, Part I, 1950, pages 115-20. 


15, AvupIBLE NoIsE oF PowER TRANSFORMERS, 
T. D. Gordy. AJEE Transactions, volume 69, 
Part I, 1950, pages 45-53. 


Discussion 


T. R. Specht (Westinghouse Electric Cor- 
poration, Sharon, Pa.): In this paper the 
authors state that the standards of the Na- 
tional Electrical Manufacturers Association 
(NEMA) consist primarily of tabulated 
ratings of the average noise level of trans- 
formers then being produced, plus a margin 
of safety. This was more the case with the 
hot-rolled steels in use at the time the stand- 
ards were recommended. With the newer 
cold-rolled steels, which can be worked at 
higher inductions, the limit on induction at 
present is determined by the NEMA sound 
levels in most of the ratings. The manu- 
facturers are investigating the causes, reduc- 
tion, and isolation of transformer noise, and 
are building the transformers as quiet as 
present skills and economic considerations 
permit. The largest percentage of trans- 
former installations cannot justify the extra 
cost of very quiet transformers. It is most 
reasonable, then, that the standard line of 
transformers should have sound levels 
which are the minimum that can be attained 
without increasing the price of the trans- 
former. This closely approximates the 
NEMA standards for noise level. There are 
locations where lower sound levels are neces- 
sary. Such cases should be investigated as 
to whether it is more economical to specify a 
special quiet transformer or to build a sound 
barrier around the transformer. It might 
_ be desirable to have two sets of sound level 
Standards, one for specially quiet trans- 
formers and one for regular transformers. 
The authors of this paper also state that 
the noise level of some new transformers 
varied as much as 10 decibels, but the trans- 
formers compared are of different size. The 
transformer with the highest sound level is 
4.4 decibels above the NEMA level, and the 
lowest transformer is 3.5 decibels below its 
NEMA level. The range would be 7.9 
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decibels with respect to the NEMA levels. 
This would be a fairer basis of comparison 
for power transformers. The minimum 
NEMA level is 56 decibels, and small dis- 
tribution transformers will be well below 
this figure when worked at higher inductions 
limited by efficiency and exciting current. 

Considerable emphasis is placed in the 
paper on unit substations and their noise. 
Of course the unit substation is ideally 
suited to the small substation, but for a 
given load the unit substation incorporates 
the same size transformer parts that a 
separate transformer would require. The 
unit substation would have the same sound 
level as a separate transformer of similar 
construction and capacity. 

The paper states that a transformer needs 
to be 8 decibels below the ambient sound 
level to be inaudible. It gives a minimum 
ambient of 30 decibels, and if there is an 
8-decibel attenuation between the trans- 
former and the listener, the transformer 
would have to be 30 decibels. Certainly a 
minimum ambient level is not encountered 
very often. At the present state of the art a 
30-decibel level is attained in transformers 
less than one kilovolt ampere. It would 
require an extremely radical improvement 
of the core material in order to build, for 
instance, a 500-kva transformer this quiet. 
Others believe that a level of 40 decibels at 
the property line of the substation is ade- 
quate to prevent complaints. 

The paper mentions the phenomenon of 
temperature inversion. Do the authors 
have any figures on the maximum variation 
in the sound level at a point about 150 feet 
out under various conditions? 


T. D. Gordy (General Electric Company, 
Pittsfield, Mass.): The paper by Messrs. 
Vivian and Peck brings to our attention the 
importance of sound levels in substation- 
type transformers. This is one field of appli- 
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cation in which quiet transformers are de- 
sirable and often necessary and an area in 
which much investigation has been made. 

I do not feel that I can agree with the 
authors that cold-rolled steel was introduced 
in unit substations to make the use of such 
equipment economically feasible. Actually, 
the economics inherent in unit substations 
has fully justified their selection in a great 
many cases, and this was true both before 
and after the introduction of cold-rolled 
steel cores. Entirely aside from the ques- 
tion of substations, the utilization of an im- 
proved core material has been a major ad- 
vance in the art. Such use has resulted in 
lower weights, smaller dimensions, improved 
core loss and exciting current characteristics, 
and a basic improvement in the over-all 
economy for the industry. Increases in flux 
density do have higher sound levels asso- 
ciated with them and thus present a specific 
problem. This is an important element, but 
I do not feel it should be allowed to out- 
weight the many inherent advantages 
enumerated above. 

Data on noise levels of new transformers 
indicate a variation of 5.4 decibels for the 
3,333-kva transformers and 4.1 decibels for 
the 1,500-kva units. To obtain the 10- 
decibel variation between units, as stated in 
the paper, the kilovolt-ampere rating of the 
units must be disregarded. I do not feel 
this is logical, and it is not in accordance 
with the NEMA standard quoted in Table I 
of the paper. 

The theoretical attenuation of sound 
from a source is dependent upon the type of 
source. Each time distance from the source 
is doubled, the following attenuations may 
be calculated for the particular source: 

1. 6 decibels for a point source 

2. 3 decibels for a cylindrical source 

3. 0 decibel for a plane source 

Obviously, a transformer is a combination 
of the above simple sources and should not 
follow either of the theoretical attenuation 
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laws. A 4.5-decibel rule falls between the 
attenuation from point and cylindrical 
sources, which is reasonable. The 4.5-db 
rule has been checked by other investiga- 
tors, 

Assuming the diagram of Figure 5 of the 
paper is approximately to scale, it is not 
surprising that the brick wall was not effec- 
tive in reducing sound levels away from the 
transformer. This wall was too low and too 
far away from the transformer to be effec- 
tive at an appreciable distance from the 
wall. The effectiveness of a higher barrier 
close_to the transformer is clearly shown by 
Figure 8 of the paper. Other data showing 
the effectiveness of such barriers have been 
given by Corbett McLean.$ 

Magnetostriction is an important source 
of sound in transformers, but other sources, 
such as joints, gaps, and flux wave shape, 
are very important.?* It is the nonlinear 
characteristics of these other sources, as well 
as the nonlinearity of magnetostriction, that 
generates harmonics in emitted sound from 
transformers. 

The authors’ survey of ambient sound 
levels and their variations is very worth 
while in that the times at which minimums 
occur are clearly shown. It is these mini- 
mums that must be borne in mind when 
complaint investigations are made. Cer- 
tainly, as the paper states, the individual 
himself is very important when sound at a 
particular site has been termed objection- 
able. 

It is not necessary to have the transformer 
sound level inaudible at a site in order to 
have it unobjectionable. As the second con- 


332 


clusion in the paper states, transformer 
noise may have to be attenuated to 8 deci- 
bels below ambient for it to be inaudible, but 
this low a component of total sound at the 
site is not required in order to avoid a com- 
plaint. Factors such as frequencies present, 
relative intensities of the various fre- 
quencies, ambient variations, transmission 
medium variations, and many others must 
be considered when determining the sound 
level at which complaints are started. 

The authors are to be commended on 
their contribution to experiences with trans- 
former sound levels. Their data on ambient 
sound levels and sound level profiles around 
a transformer and its barrier are of particu- 
lar interest. Obtaining such data is a diffi- 
cult task and one demanding patience and 
good measurements technique. 
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R. R. Peck: The discussions by Mr. Gordy 
and Mr. Specht are apropos and are greatly 
appreciated by the authors of the paper. 
Mr. Specht points out that a large per- 
centage of the installations cannot permit 
the installation of a high-cost unit substa- 
tion. This is very true, and we hope that as 
the art and science of metallurgy progress 


Vivian, Peck—Audio Noise in Substation-Type Transformers 


Le j 
low noise level transformers will bécome 
available at nominal costs. 

Both Mr. Gordy and Mr. Specht point 
out that Table I of the paper shows a less 
than 10-db variation between transformers 
of the same size. In this connection, I 
would like to offer the following comment: 
the size or voltage rating of a transformer is 
irrelevant to the customer complaining 
about the noise. 


Mr. Gordy correctly states that a theoreti- — 


cal drop of 6 decibels is obtained each time 
the distance is doubled from a point source; 
we are of the opinion that a transformer be- 
comes a point source at some distance. His 
explanation that a transformer falls some 
place between a plane source and a point 
source is very logical and doubtlessly ac- 
counts for the 4.5-db experienced. 

Our field experience contradicts Mr. 
Gordy’s statement that “It is not necessary 
to have the transformer sound level inaudi- 
ble at a site in order to have it unobjection- 
able.”’ We do not want to convey the idea 
that we think all noise levels must be 
lowered to this degree before a complaint 
can be settled. However, some people ac- 
quire such a dislike for a given noise that it 
remains objectionable as long as they can 
identify it. 

Mr. Specht asks if test data for variance 
in sound attentuation haye been measured 
at 150 feet from the source. We have not 
made any specific tests of this nature, but 
believe that wind might account for con- 
siderable difference. The distance of 150 
feet probably would be too small for tem- 
perature inversion to affect the results. 


AIEE TRANSACTIONS 


(i 


Acoustic Models of Transformer 


Installations 


BRIGGS GETTYS 


ASSOCIATE AIEE 


Synopsis: Noise problems caused by trans- 
former installations in urban situations can 
be avoided, ameliorated, or corrected by 
several measures. The application of the 
least costly of these measures réquires in- 
formation which cannot be obtained easily 
by analytical methods. Measurements of 
an acoustic model of the transformer in its 
environment aids in the evaluation of the 
particular noise problem and gives design 
data for sound-reducing barriers. 


HE continuing growth of system gen- 

erating and distributing capacity has 
caused many power companies to con- 
sider most carefully the noise level of new 
transformer installations, or possible in- 
creases in the noise level at established 
stations and substations. The more 
critical transformer installations gen- 
erally are recognized as such by power 
companies, and a survey will be made of 
the sound field at the location. This sur- 
vey is difficult, lengthy, and does not pro- 
vide sufficient information to determine 
the design of the most economical correc- 
tive measures. It is the purpose of this 
paper to demonstrate that additional 
helpful information can be obtained, par- 
ticularly by the use of acoustic models. 
The model technique is the only feasible 
method of attack in certain acoustical 
problems. The instrumentation required 
for model testing is of comparative 
simplicity and availability. The measure- 
ments can be made successfully by many 
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power companies with their sound special- 
ists and their existing facilities. 


Noise Control Measures 


The following alternatives!” are avail- 
able to the power company and the 
choice depends upon cost, effectiveness, 
and the particular circumstance: 


1. Purchase a transformer with a sound- 
level specification set below the NEMA 
(National Electrical Manufacturers Associa- 
tion) values. 


2. Screen the station or substation with a 
planting of evergreen trees. 

3. Construct a building completely enclos- 
ing the transformer or transformers. 


4. Construct a barrier or a roofless en- 
closure. 


The purchase of a low noise level trans- 
former can entail a substantial premium 
in price. A screen of trees is psychologi- 
cally valuable, but does not reduce the 
sound level appreciably.’ Total enclosure 
by a building is effective, but cooling 
problems and interference with existing 
buswork renders the measure prohibi- 
tively expensive in many cases. A bar- 
rier is effective for a moderate reduction of 
level, is relatively inexpensive (though not 
a minor investment), does not com- 
plicate the transformer installation, and 
can be designed by the use of model 
technique. 


Investigation of Particular Sound 
Fields 


A survey of the sound field is used to 
evaluate the sound pressures existing over 
a certain environment, for one or more of 
these three purposes: 


1. To attempt to establish what sound 
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pressure level may be added to an existing 
ambient sound level without causing com- 
plaints from the public. 


2. To investigate a complaint. This en- 
tails identification of the source of the noise 
added to the ambient sound level. 


3. To ascertain how effective corrective 
measures have been in reducing the cause 
for complaint. 


Briefly, a sound-field survey is an ac- 
cumulation of total sound-level measure- 
ments and sound analyses made at 
selected significant locations, at signifi- 
cant times of day, over a period of time. 
The completeness of the survey is deter- 
mined by judgment and the particular 
circumstance. The ambient sound level 
urban environment varies from 
moment to moment, with its lowest 
values usually existing from 10 p.m. 
through the early morning hours. It is 
the average of quiet moments, between 
the noise of passing trains, trucks, and so 
forth. At long distances from a sound 
source the sound received at the chosen 
measurement station will vary because of 
wind conditions, thermal gradients which 
cause refraction, and slight shifts in fre- 
quency of excitation which can result in a 
shift in the standing wave pattern at long 
distances. Moving objects near the 
source also can cause large changes. 

A portable tape recorder, in addition 
to the sound-level meter, can reduce the 
effort required to make the survey. The 
ambient is available for later study as a 
function of time, and sound analyses for 
the identification of transformer sound 
components in the ambient can be made 
from the recorded material under more 
favorable conditions. The sound-field 
survey is costly in time and money, but 
usually is necessary. 

Since the cheapest of corrective meas- 
ures for a noise problem still represents a 
considerable investment, recourse to sup- 
plementary forms of investigation is in- 
dicated for design of the corrective meas- 
ure. These investigations may consist 
of mathematical analyses, the simulation 
of transformer noise at the actual planned 
location, or acoustic model tests. 

The prediction by mathematical an- 
alysis of a sound field in some urban loca- 
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Figure 1. Acoustic model of power transformer with two paper panels 
removed to show loud-speaker arrangement 


tions is of such complexity, even with the 
most radical simplifications, that little 
confidence can be placed in the quantita- 
tive results. 

Of more promise is the use of a loud- 
speaker placed at the proposed location of 
the transformer. The sound field of a 
loud-speaker or loud-speakers may be 
made to approximate roughly that of a 
transformer in frequency composition, 
normal angular distribution, and in- 
tensity. The loud-speaker is function- 
ally an acoustic model of the transformer. 
The effect upon the ambient sound level 
at distant critical areas then could be de- 
termined. Assuming that the equivalence 
between speaker and transformer level is 
proved, the information gained is the 
effect of the installation of a transformer 
with a certain sound level upon the am- 
bient sound level. Experimentation with 
wall barriers would be on full scale, ex- 
pensive, and difficult. 

To our knowledge this potentially 
valuable procedure has not been put into 
practice because the amount of data 
needed is large and may not contain the 
points at which complaints arise, and be- 
cause it is feared that the neighborhood 
will become sensitized to problems of 
noise. 

The third procedure, that of acoustic 
model testing, has been and is being used. 
It does not establish absolute ambient 
sound levels as affected by the added 
transformer noise. But model testing 
does predict relative levels over areas of 
interest and supplies useful information 
which permits design of the barriers. An 
area of high concentration of sound 
energy, caused by reflections from build- 
ings and topographical features, can be 


334 


determined in advance by model tech- 
nique, with the resulting possibility that 
slight changes in the installation can 
place these concentrations where the 
chance of complaints is small. 


Acoustic Model Technique 


The Acoustical Principle of Similarity® 
states that for any acoustical system in- 
volving diffraction and reflection phenom- 
ena it is possible to construct a new 
system on a different scale, which will ex- 
hibit similar performance, providing the 
wave length of the sound is altered in the 
same ratio as the linear dimensions of the 
new system. 

This principle justifies the use of a 
model to predict the performance of an 
actual system. Theoretically an exact 
duplicate could be made to any scale 
whatsoever, but practical considerations 
impose limitations on the degree of simi- 
larity and on the scale which can be em- 
ployed. It is impossible to duplicate ex- 
actly transformers or their environment 
to a small scale. Therefore, in place of 
transformers, comparatively simple sound 
sources are used; and in place of the com- 
plex array of buswork and other station 
equipment, only structures whose dimen- 
sions are large compared to the wave 
length of the sound under consideration 
are included. Since both structural and 
topographical features consist mainly of 
acoustically “hard” (that is, highly re- 
flective) materials, wood is used for most 
of the model structures. Should it be 
necessary to duplicate the effect of partial 
acoustical absorbents, for example, a light 
layer of freshly fallen snow, the acoustical 
impedance of the corresponding model 


Gettys, Conover—Transformer Installations 


Figure 2. Typical acoustic model of transformer installation, showing 
transformers, buildings, and microphone transport mechanism 


material would have to be chosen with 
some care. 

The model scale must be small enough 
for the model to be accommodated in the 
available’ testing space; on the other 
hand, it must be sufficiently large to per- 
mit the use of a sound frequency which 
can be generated and measured readily. 
Since the velocity of sound in air at 20 
degrees centigrade is 1,130 feet per 
second, the frequency of the model sound 
must be fi, =1,130/Am cycles per second, 
where ),,, is the wave length of the model 
sound in feet. To preserve similarity be- 
tween model and prototype,A /Am=L/Lm, 
where L and L,, are corresponding linear 
dimensions of the prototype and model, 
respectively. Tests to date have been 
concerned with the 360-cycle component 
of transformer noise. A scale of 30 to 1 
gave a corresponding test frequency of 
10,800 cycles, which is near the upper 
limit of measurement with generally 
available sound-level meters. (All in- 
strumentation chosen for these particular 
model tests is of comparative simplicity 
and availability; similar measurements 
can be made successfully by many power 
companies with their sound specialists 
and existing facilities.) 

The testing area should have an am- 
bient noise level at least ten decibels be- 
low the minimum sound level to be meas- 
ured. In addition, acoustic reflections 
from the walls and ceiling must be neg- 
ligible. A hard floor usually is desirable, 
for it may be used to represent the ground, 
provided that the terrain is flat in the 
vicinity of the prototype. If a sound 
room meeting the requirements of low am- 
bient noise level and nonreflective bound- 
aries is not available, tests may be made 
out of doors, but this introduces the usual 
problems incident to testing in the field: 
dependence on weather, availability of 
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Figure 3. Block dia- 
gram of sound gen- 
eration and measure- 
ment equipment for 
acoustic model tests 


MODULATING SIGNAL 


power, and storage and transportation 
difficulties. 

The model transformers used in our 
tests consisted of four 2-inch-diameter 
loud-speakers mounted inside a_ rec- 
tangular wooden framework upon which 
a skin of bond paper was cemented and 
shrunk. The paper skin was used to 
simulate the complex vibrational pattern 
which exists in the tank walls of an actual 
transformer. Figure 1 illustrates a 
typical model transformer with two side 
walls removed to show the loud-speaker 
arrangement. 

Because of wave interference, the sound 
field from any surface undergoing a com- 
plex mode of vibration, such as a trans- 
former tank, exhibits a pattern with large 
abrupt changes in sound pressure as a 
function of location. These changes in 
sound pressure may be in the order of 10 
or 20 decibels between two locations only 
a fraction of a wave length apart. The 
pattern of sound pressure from a trans- 


_ former also may change as a function of 


time because of small changes in excita- 
tion frequency, variations in thermal 
gradients or wind velocity, or even the 
change in position of a reflecting or dif- 
fracting body such as an automobile 
parked in the vicinity. The variations in 
sound level resulting from such causes 
generally is more pronounced at points 
remote from the source. These variations 
mean that sound-level averages in space 
and time are required, rather than spot 
measurements, if meaningful data are to 
be obtained. 

In model testing it is possible to ac- 
complish this averaging automatically by 
using a warble tone as the test sound. In 
a typical test, a 10,800-cycle sound was 
frequency modulated between the limits 
of 9,700 and 11,900 cycles at a modulation 
frequency of 60 cycles. This procedure 
keeps the standing wave pattern varying 
at such a rapid rate that the sound level 
at a given location is averaged automati- 
cally by the measuring equipment. 

In addition to averaging in a very short 
time the variations which occur over com- 
paratively long periods in the field, the 


_ frequency modulation makes the data 


easier to interpret. If a constant fre- 


1951, VoLumr 70 


SET GRID BIAS, 
HOLD MODULATING 
SIGNAL CONSTANT. 


CHECK FREQUENCY & WAVESHAPE, 


HOLD LOUDSPEAKER 
CURRENT CONSTANT, 


quency were used, curves of sound level 
versus position would be so ragged that 
accurate averaging, either arithmetically 
or by eye, would be almost impossible. 
The sound from the transformer models 
was picked up by the microphone of a 
sound-level meter. In the majority of the 
tests the microphone was transported 
around the model at a fixed radius and 
height by a motor-driven rotating boom. 
A typical test setup is shown in Figure 2, 
The microphone cable was connected 
to a sound-level meter in the next room. 
The output of the sound-level meter was 
in turn fed to a high-speed recorder. 
Since the recorder plotted a curve of 
sound level versus time and the micro- 
phone rotated at constant speed, the re- 
sulting charts showed sound level versus 
angular position of the microphone. 
Figure 3 is a block diagram of the 
electroacoustic system used in this test. 
A reactance tube® driven by a 60-cycle 
modulating signal acted effectively as a 
sinusoidally varying capacitance. It was 
connected in parallel with one of the 
resonant circuits of a beat-frequency- 
oscillator, causing the output of the 
oscillator to vary from plus 10 per cent to 
minus 10 per cent about the center fre- 
quency, with virtually no amplitude 
modulation. This voltage was amplified 
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and fed to the loud-speakers inside the 
transformer model. In addition to the in- 
struments for measuring and recording 
the test sound, equipment for checking 
frequency, observing wave shape, meas- 
uring loud-speaker current, and so forth, 
are shown in the diagram. 

Some typical recordings of sound level 
versus angular position for the setup 
illustrated in Figure 2 are reproduced in 
Figure 4. The microphone was 6 feet 
from the sound sources and 6.5 inches 
above the floor in these tests, corre- 
sponding to 180 feet and 16 feet, respec- 
tively, on the prototype. It should be 
pointed out that in these curves, the 
sound levels do not represent actual 
sound levels at the prototype, since the 
decibel change from one condition to an- 
other is what is desired. The model in 
Figure 1 is comparatively simple, with no 
large reflecting surfaces other than the 
ground. It is symmetrical about one 
axis, with the exception of the shed and 
the two cylinders representing potential 
transformers, whose effect on the sound 
pattern probably is negligible. This sym- 
metry is shown in the sound-level re- 
cordings. The first recording is a curve of 
the sound level without walls around the 
transformers. The second one shows the 
sound level after a [_-shaped barrier 22 
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Figure 4. Recordings of sound level versus angular position for model illustrated in Figure 2 


1. As illustrated, no barriers 


Q. (-shaped barrier around each transformer, open sides facing O-degree direction (toward 
background in Figure 2) 
3. Same as 2, but barriers lined with acoustical absorbent 
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feet high was placed around each trans- 
former with the open sides of the walls 
facing the 0 degree direction. An average 
reduction of about seven decibels may be 
observed in directions where a wall is be- 
tween the microphone and the sound 
source. The diffraction of sound around 
the top of the wall prevents a sharp 
acoustical shadow where the wave length 
of the sound is an appreciable fraction of 
the dimensions of the obstacle. Near the 
wall the reduction in noise level is greater, 
but at long distances the reduction in 
noise level caused by the wall becomes in- 
dependent of distance. There is a slight 
increase in sound level in the direction of 
the open end of the wall, as a result of the 
sound reflected from the inside of the 
wall. Lining the wall with a sound- 
absorbent material resulted in an average 
additional reduction of about four dec- 
ibels, as shown in the third recording. 
Rather than merely redirecting the sound 
energy as in the case of hard walls, sound- 
absorbent walls dissipate some of it, 
thereby reducing the total energy radiat- 
ing from the system. The dip in all three 
recordings at about 200 degrees is caused 
by the microphone passing partially 
through the acoustical shadow of the 
small house at this location. 


Although the use of the motor-driven 
boom in conjunction with the high-speed 
recorder yields the most complete data 
for a minimum expenditure of time, it is 
apparent that point-by-point measure- 
ments also may be made with the micro- 
phone on a small standard. 


The economy with which a great many 
wall designs may be tested on a model, as 
compared with the construction and test 
of even one design on the prototype, is 
apparent. The model just described is 
simple, for the purpose of illustration. 
Real situations usually are of greater 
physical and acoustical complexity. For 
example, a certain power company found 
that a new installation of transformers 
gave rise to unforeseen complaints of 
noise over an area a quarter-mile from the 
station. Field measurements made pos- 
sible an estimate that a reduction of 10 
to 15 decibels in sound pressure level 
would be necessary to end the noise com- 
plaints. Measurements were made of a 
model of the transformers set in their en- 
vironment of reflecting buildings. More 
than 20 variations of sound barriers were 
tried, with measured attenuations ranging 
from 3 to 15 decibels. From these data 
the electric power company designed and 
built a barrier at the transformer installa- 
tion, taking into account the factors of 
minimum cost for the requisite reduction 
in sound level, structural practicality, 
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material availability, and so forth. The 
predicted attenuation for this barrier 
was 8 to 10 decibels, while in fact an 
attenuation of 9 decibels, on the average, 
was attained, and the complaints based on 
the transformer noise were alleviated. 
Such agreement between prediction and 
practice, together with the fact that 
acoustic models are sound in theory and 
that all phenomena observed so far are 
consistent with theory, establishes confi- 
dence in the results of model tests. Al- 
though this paper deals with the use of 
acoustic models for transformer noise 
problems, the technique is fully applicable 
to situations which involve the noise of 
other machinery. 


Some General Observations 
Concerning the Effects of Walls 


Although each transformer noise prob- 
lem is unique, with its own particular 
acoustical, economic, and psychological 
factors, it is believed that some general 
data on the effects of walls will be of in- 
terest. Generalizations often serve as 
valuable guideposts in a field where the 
directions are not yet clearly marked. 

The following material summarizes 
some of the results obtained from model 
tests made to date. It happens that these 
tests were concerned with the 360-cycle 
component of transformer noise, which 
frequently is the most pronounced. By 
diffraction theory, the same walls would 
have somewhat less effect on components 
of lower frequency and greater effect on 
those of higher frequency. The model 
walls represented real ones situated as 
close to the contours of the transformers 
as possible while still allowing convenient 
access to the unit and an adequate amount 
of cooling air, either by fan or by convec- 
tion. They were 2 to 12 feet higher than 
the transformer tank cover. With these 
qualifications in mind, the following 
summary of general results is presented: 


1. Roofless enclosures of acoustically non- 
absorbent material reduce the noise level 
at remote locations (more than 50 wave 
lengths from the source) near ground level 
by 7 to 10 decibels. 


2. Lining a given enclosure with a good 
acoustical absorbent reduces the noise level 
by an additional 5 decibels approximately, 
giving a total reduction of 12 to 15 decibels. 


3. An enclosure of the height of the trans- 
former tank produces the major part of the 
sound reduction in remote areas near ground 
level, and further increases in height must 
be impractically large to result in substan- 
tial additional attenuation. For example, 
one series of tests showed only 2 decibels 


less noise when the wall height was increased 
from 20 feet to 40 feet. 


4. In the absence of large reflecting sur- 
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faces in disadvantageous positions, a paftial 
enclosure may be as effective as a complete 
roofless enclosure, if noise reduction in cer- 
tain directions only is required. 


5. The reduction in sound level effected by 
a wall diminishes as the angular height of 
the observer with respect to the source in- 
creases. 


6. The shape of the curve of sound level 
versus angular position does not vary appre- 
ciably with radial distance, provided there 
are no large reflecting or diffracting struc- 
tures near the path of the microphone. 
Each point on the curve tends to drop 6 
decibels each time the distance from the 
source is doubled, in accordance with theory. 


Conclusions 


1. The prediction of the relative average 
values of sound pressure in the area around a 
transformer installation can be made effec- 
tively and rapidly by the use of an acoustic 
model. 


2. The evaluation of many different designs 
for sound-reducing barriers is made economi- 
cally feasible by tests on a model of the in- 
stallation in question. 


3. The cost of model testing usually is a 
small fraction of the investment savings 
obtainable by choosing the best sound 
control or corrective measures for the par- 
ticular problem. 
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Discussion 


T. R. Specht (Westinghouse Electric Cor- 
poration, Sharon, Pa.): The use of models 
has long been standard practice in other 
fields where full-scale experimentation has 
been costly. In the field of sound, calcula- 
tion of the sound fields where radiation, dif- 
fraction, and reflection occur is very difficult 
for all but the simplest cases. Model 
methods should have considerable applica- 
tion, and it is gratifying to see this paper, 
which shows that simple apparatus and 
methods will yield answers to some standard 
problems that are in agreement with obser- 
vations on actual installations. 

The authors used a_ single-frequency 


modulated source, with a mean frequency of ~ 


360 cycles. Have they considered or tried 
using three oscillators of 120, 240, and 360 
cycles to make a complex sound source with 
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the various components in the same relative 
proportions that are used in a transformer? 
This might lessen the effect of standing 
waves and make it unnecessary to frequency 
modulate the source. The possibility also 
exists of recording the sound of a trans- 
former on a wire recorder, for instance, and 
playing it back at a higher rate to secure a 
higher multiple of the frequency. This 
actua 4 may give a better representation of 
a transformer if the transformer sound were 
not predominately one frequency. 

According to the photographs in the 
paper, a standard crystal microphone was 
used. At 10,000 cycles, the wave length is 
about one inch. Diffraction effects might 
enter in. Would it be desirable to use a 
microphone more suitable to higher fre- 
quency? Possibly, though, if the orienta- 
tion of the microphone with respect to the 
direction of the propagation of the sound 
were kept constant, the error would be con- 
stant. 


C. S. Murray (Consolidated Edison Com- 
pany of New York, Inc., New York, N.Y.): 
As we all know, the transformer noise prob- 
lem has become extremely important, and 
the operator welcomes any aid that may be 
given him toward solving the noise problems 
that may arise from either a proposed or an 
existing power transformer installation. 
Model testing shows promise of being such 
an aid, and the authors of this paper are to 
be commended for making the technique 
available to the industry. 

Whether power companies can conduct 
such tests with a reasonable degree of accu- 
racy is open to question. Technical person- 
nel can learn the technique, and instruments 
are available at not too great a cost. How- 
ever, the results of such tests depend a great 
deal on the ability to duplicate actual field 
conditions in the model. This means, 
among other things, that reflecting surfaces 
must not exist in the vicinity of the proto- 
type that do not exist in the actual installa- 
tion. To accomplish this might demand a 
soundproof room of a fair size, which many 
power companies do not have. The tests, 
of course, could be made out of doors, but 
here again further difficulties are encoun- 
tered. The tests may have to be conducted 
by a sound laboratory having the proper 
facilities. In some cases the information 
gained from such tests may be necessary or 
of such value that it will be well worth the 
cost involved. \: 

As far as noise control measures are con- 
cerned, it is felt that a combination of a 
reasonably quiet transformer and a sound 
barrier is worthy of mention for new instal- 
lations. Provisions for such a barrier would 
be made in the layout but constructed only 
if found necessary after the transformer 
could be energized. 

The authors mention the possibility of 
using a bank of loud-speakers placed at the 
proposed location of a transformer to simu- 
late the noise that would be emitted by it. 
It would be very difficult to simulate such a 
noise so that the sound level would decrease 
with increasing distance similar to the 
Noise emitted by the actual transformer. 
It is believed that, in the end, such a setup 
would be more expensive than a model test 
and less would be gained from it. Further- 
more, it should be understood clearly by 
those interested in such tests that the noise 
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at a remote point from the speakers would 
be subject to objective measurements only. 

The model technique, as described, does 
of course have certain limitations for con- 
gested metropolitan areas. The buildings 
on the model would prevent the use of the 
microphone boom and would make it neces- 
sary to resort either to placing the micro- 
phone on a stand or suspending it at the 
location desired. Because of its physical 
size the normal microphone placed among 
the buildings on the model might change the 
sound pattern from that which would exist 
in the actual area. Further use of the tech- 
nique may remove some of the limitations 
now existing. 

The authors show that a reduction of as 
much as five decibels would result from the 
application of sound-absorbent materials on 
the sides of the walls facing the transformer. 
It should be kept in mind that the frequency 
of the noise used in model testing is con- 
siderably higher than the frequency of the 
transformer noise being studied. Since, in 
general, absorbent materials have a higher 
absorption coefficient at the higher fre- 
quencies, the model tests may show reduc- 
tions in sound level values much higher than 
can be realized in actual practice. 

The authors state that there is very little 
gained when the height of a roofless enclo- 
sure is increased much above transformer 
tank height. Nevertheless, it may be desira- 
ble, if practical, to extend the walls to a 
height above the line of sight between the 
top floor of the tallest residence in the area 
and the transformers in order to achieve the 
“out-of-sight, out-of-mind”’ effect. 

In the conclusions of the paper it could 
have been pointed out that a study of an 
acoustic model not only indicates what the 
best sound control measure is for the par- 
ticular problem, but also indicates what 
shouldn’t be done which might result in 
more noise at a remote point. Model testing 
also removes much of the guesswork, which 
could prove costly. 


T. D. Gordy (General Electric Company, 
Pittsfield, Mass.): It is generally agreed 
that model testing is desirable for experi- 
mental work, provided the model yields re- 
sults which may be interpreted in terms of 
the full-size test piece. A common objection 
to model testing is that details cannot be 
built into the model; hence, its characteris- 
tics may not be the same as those of the 
prototype. | In this paper, the authors have 
called attention to this shortcoming and 
have taken steps to overcome it. 

Vibration of cooling radiators, junction 
boxes, control cabinets, and tap-changing 
compartments causes a very complex pat- 
tern of sound emission from the transformer. 
Slight changes in system frequency or varia- 
tions in transmission medium cause shifts 
in standing wave patterns. At an appreci- 
able distance from the transformer where 
sound level is being investigated, an aver- 
aged sound level is desired. Introduction of 
a warble tone does the desired averaging 
automatically and allows better interpreta- 
tion of the data. Even with the warble tone, 
variations of sound level around the source 
are still present, as is shown by Figure 4 of 
the paper. It is not difficult to visualize 
how much larger variations would have 
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been without the averaging warble tone. 

The model testing technique and appa- 
ratus described are not complex, and those 
having field testing experience on actual 
installations should readily appreciate this 
simplicity. When tests are made in a quiet 
room, ambient is controlled. Lack of con- 
trolled ambient is one serious problem en- 
countered in field testing. 

The writer agrees with the authors that 
the models should not be used for absolute 
sound-level measurements, but do yield rela- 
tive values that are significant. Usually, 
changes in sound level given by the model 
may be applied to the prototype by keying 
in several stations on the model and in the 
field. 

Model tests as described by the authors 
are one more tool that can be used when 
studying complex sound fields, and they 
afford much flexibility for studying these 
fields. Application of such methods should 
be time-saving and worth while for operating 
companies confronted with sound level prob- 
lems. 


Briggs Gettys and W. B. Conover: The dis- 
cussions of Messrs. Specht, Murray, and 
Gordy introduce points of technique which 
are of interest to others, who may apply 
acoustic models for the design of roofless 
barriers around transformer installations. 

A single-frequency signal has been used to 
excite the model transformer, since (1) the 
frequency component with the largest 
(weighted) magnitude produced by the 
transformer is known or can be predicted 
with reasonable certainty and (2) diffrac- 
tion effects, on which much of the attenua- 
tion of the barrier must depend, are a func- 
tion of wave length. For understanding of 
the phenomena present in the model, it is 
not helpful to have measured the sum of 
several frequencies approximately equal in 
magnitude, whichare diffracted more as their 
frequency is lowered. Unless the frequency 
components are approximately the same size, 
averaging will be poor. Thus, it would 
appear that a single frequency with + 10 per 
cent fy frequency modulation, offers fair 
averaging and purity of test results. 

In the prototype, the largest frequency 
component is found as the average of a num- 
ber of sound analyses taken around the 
transformer. It is rare for a transformer to 
have, on the average, two frequency com- 
ponents of equal magnitude. It is true, how- 
ever, that a different type of signal will give 
better averages and smoother curves. For 
example, a band of thermal noise 3,000- 
10,000 cycles per second corresponding 
roughly to 120, 240, and 360 cycles per 
second in the prototype, will give an ideally 
smooth curve—and less information. 

Diffraction effects around the usual 
sound-level meter microphone result in 
directivity at high frequencies. Orientation 
of the axis of the microphone toward the 
sound source is necessary. If it is possible 
that reflected sound will arrive at the micro- 
phone from widely off-axis image sources, 
the use of certain of the miniature micro- 
phones is highly advisable. The polar pat- 
tern of such microphones is better by 6 to 
12 decibels at 10,000 cycles per second, and 
the chance for significant error then is re- 
mote. 

If the use of sound-absorbing material 


337 


were considered for lining the barrier, ad- 
justment of the coefficient of absorption at 
the model frequency should be made, so 
that the coefficient is no higher than that 
attainable in a practical material at the 
transformer sound frequencies. The acous- 
tic pulse technique! will be of service in 
the adjustment of the coefficient to the rela- 
tively low value needed. Repetitive re- 
flected pulses of sound are used to compare 
the echoes from two reflectors, both normal 
to the pulse source and of the same size and 
distance. Various thicknesses of the un- 
known‘inaterial are cemented to one of the 
reflectors until the desired ratio between the 
bare reflector and the covered reflector is 
obtained. The determination of the high- 
frequency sound-absorption coefficient by 
this method probably is no lower in accuracy 
than the realized value of coefficient of some 
material applied in the actual installation. 
Other parts of the model environment 
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rarely need adjustment of absorption coeffi- 
cients. Model surfaces which are more 
highly reflective than the corresponding 
ones on the prototype lead to conservative 
results. 

It is a good practical rule to increase the 
barrier height to obscure the line of sight to 
the transformer, no matter what the model 
data indicate. 

The line of sight “‘rule’’ is a reminder that 
the end product of acoustic model measure- 
ments is a reduction of the noise heard, or 
believed to be heard, by people. The model 
can give relative values of noise reduction, 
but the subjective factors are no less real, 
though unmeasurable. The application of 
the rule has a further advantage, since it 
forbids the unwise installation of a trans- 
former in the courtyard of an apartment 
house. Roofless barriers to obscure view of 
the transformer from any height become im- 
practical. 
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The use of model technique is not without 
pitfalls. The reproduction of a 3-dimen- 
sional sound field by the model, equivalent 
in configuration to that of the transformer, 
can be of importance in models of complex 
environments which contain many reflecting 
buildings. There have been few measure- 
ments, and less published, of the sound field 
of transformers except at ground level and 
at the standard heights. J. H. Vivian and 
R. R. Peck recently have given valuable’in- 
formation? concerning one unit. It is hoped 
that others in the field will be interested in 
the acquisition of such data. 
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Total Hemispherical Radiometers 


J. T. GIER 


NONMEMBER AIEE 


N MANY fields of engineering it is 
convenient and many times necessary 
to use electric systems as an aid in the 
measurement of various physical phenom- 
ena. An exhaustive list could be culled 
as proof of this statement, but suffice it to 
say that in general electric systems are the 
rule rather than the exception. 

The use of electric systems for the 
measurement of thermal quantities has 
been in effect for many years. Some im- 
portant engineering applications have 
been as follows: 


1. The thermocouple-galvanometer or the 
thermocouple-potentiometer system for the 
measurement of temperature above some 
datum which is frequently taken as the ice 
point (32 degrees Fahrenheit or 0 degree 
_centigrade). 

2. The thermopile-galvanometer or the 
thermopile-potentiometer system for the 
measurement of small temperature differ- 
ences which would not be detectable with a 
single thermocouple; this system has con- 
siderable latitude in its utility and is particu- 
larly adaptable to the measurement of 
thermal radiation. 


In the above cases the thermocouple 
and the thermopile are the transducers 
that actuate the electric instruments. 
If it is assumed that the electric instru- 
ments are properly calibrated and thus 
truly indicate the information supplied 
by the transducer, the valid performance 
of the system is dependent upon the 
judicious use of the transducer. 

Heat transfer and radiometric research 


Paper 51-57, recommended by the AIEE Instru- 
ments and Measurements Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Winter General Meeting, 
New York, N. Y., January 22-26, 1951. Manu- 
Script submitted March 14, 1950; made available 
for printing December 6, 1950. 


J. T. Grer and R. V. Dunxe are both with the 
University of California, Berkeley, Calif. 


The development of these instruments was made 
Possible through the Thermal Radiation Project, 
Number N7-onr-295, Task I, which is sponsored by 
the Office of Naval Research, Appreciation is 
expressed to Dr, F, A. Brooks for his many helpful 
Suggestions, 
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R. V. DUNKLE 


NONMEMBER AIEE 


at the University of California has led to 
the development of several mensuration 
systems. 1! 49 

For some time now there has been a 
need for an instrument, which is nonselec- 
tive as a function of wave length, to 
measure the total hemispherical irradia- 
tion upon a plane surface, and for deter- 
mining the net heat transfer by radiation 
from this surface to the surroundings. 
The lack of suitable radiometers has been 
particularly evident in connection with 
the problems of nocturnal and diurnal 
radiation and irradiation of the earth’s 
surface. 

A few of the important problems in 
which the total hemispherical irradiation 
is a major factor are: 


The components of a typical heat 
meter 


Figure 1. 
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thermocouple 
junctions 


1. Evaporation from exposed bodies of 
water. 


2. Freezing of crops in winter. 


3. Sterility or death of farm animals from 
overheating. 


4. Cooling or heating loads in buildings. 
5. Snow melting rates. 


6. Soil temperatures and length of growing 
season. 


In the past, measurements of total 
hemispherical irradiation generally have 
been made by the cumbersome method of 
traversing the sky with a directional 
radiometer”* and graphically or numeri- 
cally integrating the results to obtain the 
total irradiation. To obtain the net in- 
terchange between the sky and any sur- 
face,-an additional calculation must be 
made which requires a knowledge of the 
surface temperature and emissivity. Such 
a procedure is time-consuming, and if 
conditions are varying rapidly, either 
with time or direction, the results are un- 
reliable. 

Another instrument which ‘‘sees’’ the 
whole hemisphere is the Eppley Pyrheli- 
ometer. However, the Eppley Pyrheli- 
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Figure 2. The total hemispherical radiometer showing the sensing element, nozzle, and blower 


ometer is useful only for measurement of 
solar irradiation, as the spectral charac- 
teristics of the envelope and receiver are 
such that it responds only to short wave 
lengths. 


Discussion 


In consideration of the design criterion, 
instruments for measuring the total 
hemispherical irradiation or net inter- 
change from the sky should have the 
following characteristics: 


1. Spectral characteristics: The response of 
the instrument should be independent of the 
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wave length of the incident energy. The 
instrument should have no windows, filters, 
or mirrors which would absorb radiation 
selectively. The blackening material on the 
radiation-absorbing surface should be non- 
selective, that is, the absorptivity should be 
independent of the wave length of the inci- 
dent energy. 


2. Cosine law: The blackening material 
should obey the cosine law. The absorptiv- 
ity should be independent of the angle of 
incidence of the radiation. 


3. Shape factor: The absorbing surface 
should be a plane surface and should be 
able to view the whole hemisphere. 


4. Transient response: The instrument 
should respond rapidly to changes in irradia- 
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tion or net interchange and should comd ‘to a 
steady state rapidly. 


5. Stability: The instrument should give a 
stable, reproducible reading. 


6. Sensitivity: The output of the instru- 
ment should be sufficient so that it can be 
fed into a conventional recording instrument 
or read upon a standard portable potenti- 
ometer. 


7. Weathering: As the instrument is’'ex- 
posed to the weather, it should be con- 
structed of materials which are subject to a 
minimum of deterioration. 


8. Portability: The instrument should be 
rugged enough to withstand handling, and 
should be readily portable. 


9. Effect of surroundings: The value ob- 
tained for the irradiation with the radiom- 
eter should be independent of the tem- 
perature difference between the radiometer 
and the ambient conditions, and of the ir- 
radiation falling upon the back side of the 
radiometer. 


The instruments described herein have 
been developed in an attempt to satisfy 
the foregoing requirements; the devices 
have been developed primarily to measure 
the total irradiation, atmospheric plus 
solar, and can be used for both diurnal 
and nocturnal measurements. The in- 
strument consists essentially of a heat 
flow meter, Figure 1, as a sensing element 
or transducer. The heat flow meter as 
usually constructed consists of three 
bakelite plates 1/64 inch by 41/2 inches by 
41/, inches, with the center plate slotted 
to hold thermopiles and the other two 
plates supplying mechanical strength and 
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Figure 4. The response of the total hemispherical radiometer with 
respect to angle of incidence 


serving as protective covers for the ther- 
mopiles. Various other materials have 
been tried, but the bakelite has been 
found most satisfactory because of its 
stability and ease of fabrication. 

The thermopiles are constructed by 
winding 40-gauge constantan wire onto a 
bakelite slab. Approximately 180 turns 
are wound on each slab by means of a 
small coil winder which is geared to wind 
88 turns per inch. The wire is then silver 
plated over one-half the slab, giving in 
effect a series of thermocouple junctions 
on opposite sides of the slab. Although 
the thermal conductivity of the wire is 
appreciably higher than that of the 
plastic, the thermal short-circuit cur- 
rents are small because the cross-sec- 
tional area of the wire is small relative to 
the area of the plastic. Electrically this 
type of plated thermopile is possible only 
because the electrical resistance of the 
constantan is much greater than that of 
the silver; consequently, the shunting 
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Figure 5. The spectral reflectivity as a function of wave length for the 


blackened surface of the total hemispherical radiometer 


effect of the constantan core is negligible 
and the silver sheath serves as the elec- 
tric conductor. Heat meters may be 
built with these thermopiles connected 
in various series-parallel combinations 
depending upon the use and impedance 
matching requirements of the electric 
indicator or recorder. The thermopiles 
are inserted in the slots in the center 
plate and the whole ensemble is bonded 
together with a thermosetting cement, 
resulting in a compact and durable device. 
As the temperature drop between the hot 
and cold thermopile junctions is propor- 
tional to the rate of heat flow through the 
meter, the electromotive force of the 
thermopile is used as a measure of the 
heat flow through the meter. In the case 
of the irradiation meter, the electromo- 
tive force developed by the thermopile is 
proportional to the net exchange between 
the sensing element and whatever it 
“sees’’ in one-half space; in the case of 
the net exchange meter the electromotive 


Figure 6. Solar irradiation as a function of time of day at three locations in California 
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force developed by the thermopile is pro- 
portional to the net radiant transfer 
across the plane of the sensing element, 
that is, the net radiant transfer between 
the upper one-half space and the lower 
one-half space. 

When used for radiation measurements 
the sensing unit is mounted in the air 
stream from a small blower, Figure 2, so 
as to maintain uniform values of the unit 
thermal resistance from both meter sur- 
faces. In this arrangement, any input 
thermal current (irradiation) is divided 
so that a portion flows to the upper air 
stream and the other portion flows 
through the sensing element, Figure 3, 
and out to the lower air stream. In 
flowing through the sensing element, a 
small temperature difference, AT, is de- 
veloped; this temperature difference 
causes an electromotive force to be gen- 
erated by the thermopile. As the convec- 
tive losses on both the lower and the 
upper surfaces are maintained constant 
and the loss from the lower surface is by 
convection only, the heat flow through the 
sensing element is directly proportional 
to the net radiant transfer. This air 
stream also prevents the deposit of dust 
or dew on the meter surface. Wind 
tunnel tests made as to the effect of wind 
direction and velocity indicate that up to 
15 miles per hour the maximum error is 
about 4 per cent. If the wind is blowing 
in the same direction as the blower dis- 
charge, the error is only about 2 per cent 
up to 30 miles per hour. 

It will be noted that aluminum cover 
plates also are mounted on both sides of 
the thermopile. While these aluminum 
sheets give additional strength and 
weather resistance, their primary function 
is to increase the thermal capacity without 
appreciably increasing the thermal re- 
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Figure 7. Comparison data for the total 
hemispherical radiometer and the pyrheli- 
ometer on a day with high fog 


sistance, thus damping out minor varia- 
tions in heat flow due to fluctuations in 
the air stream. Despite this increased 
thermal capacitance, the radiometer takes 
only about 12 seconds to reach 95 per cent 
of steady state response when suddenly 
irradiated, 

The surface of the upper aluminum 
sheet is painted with Fuller Flat Black 
Decoret to absorb the incident radiation. 
In Figure 5 are shown the spectral char- 
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acteristics of this paint. It is to be noted 
that the spectral absorptivity varies only 
slightly from 0.90, that is, the reflectivity 
is approximately 0.10. Since the radiom- 
eter is calibrated, the exact magnitude 
of the absorptivity is unimportant, but 
the receiving surface should act as a gray 
body, that is, the spectral absorptivity or 
emissivity should be independent of the 
wave length. Also, the instrument has no 
windows or mirrors to absorb radiation 
selectively. 

Another important characteristic of the 
surface is that the absorptivity should be 


ENERGY BALANCE 


e,oT,* h(T,-Ta) 


THERMOPILE 


LZZN GL 


VOLS 
ROR SOS 


independent of the angle of incidence of 
the incident radiation; in other words, 
the surface should be perfectly diffuse. 
Figure 4 indicates that this is nearly true. 
The experimental points theoretically 
should fall on the circle if the cosine law 
holds. 

The lower aluminum sheet is highly 
polished to reduce the emissivity ,and — 
absorptivity to the lowest possible values. 
It has been found that a layer of evapo- 
rated gold will give lower initial ab- 
sorptivity and will not deteriorate with 
time as rapidly as the aluminum. The 
net absorption of radiation by this lower 
surface of the meter should be made neg- 
ligibly small. 

In order to minimize the effect of the 
irradiation of the lower surface, a radia- 
tion shield is supplied. This is polished 
on the lower surface and blackened on the 
upper surface to prevent reflections onto 
the meter surface. As both the meter and 
the radiation shield approach air tem- 
perature, the temperature difference be- 
tween the two is very small. Combining 
this small temperature differential with 
the low absorptivity of the lower heat 
meter surface results in a very small radia- 
tion exchange between the two surfaces. 
If this term is neglected, it is shown 
readily that the irradiation, G;, upon the 
plane of the meter surface can be ex- 
pressed in terms of the meter constant, 
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K, the millivolts produced by the ther- 
mopile, v, and the meter temperature, 
Tm in degrees Rankin (°R). 


Btu 


=Ku+oTm' rfl? 


where 


bh 
c= Stefan-Boltzmann radiation constant 


mUMONGLOre = 
hrf2(°R)* 


The calibration constant is obtained 
by exposing the meter to a standard radia- 
tion source which might be either a stand- 
ard lamp or an ideal radiator. 


Net Exchange Radiometer 


For many applications the investigator 
is interested in the net heat transfer by 
radiation in addition to, or instead of, the 
irradiation upon the surface. If the flat 
plate radiometer, Figure 8, has both the 
upper and the lower surfaces blackened 
uniformly, it can be used to measure the 
net exchange instead of the irradiation, 
and hence is termed the net exchange 
radiometer. 

The equation for this system is: 


G,—G» =Kv 


G, =irradiation of the upper surface of sens- 
ing element Btu/hrft? 

G,=irradiation of the lower surface of sens- 
ing element Biu/hrft? 


K=calibration constant of radiometer 
Btu/hrft?mv 

v=millivolts produced by the sensing ele- 
ment. 

Measurements 


The total hemispherical radiometer 
has been used to measure the nocturnal 
and diurnal irradiation of the earth’s 
surface at several different locations at 
different seasons of the year. Some 
typical data are presented in Figures 6 
and 7. In Figure 6 are shown typical 
curves for clear days in summer at 
Berkeley, Walnut Creek, and El Centro, 
Calif. As the altitude of the sun varied 
due to latitude and time of year, and 
atmospheric conditions were different, 
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similar in shape and magnitude. It is 
interesting to note that the nocturnal ir- 
radiation was nearly the same in all three 
locations. The nocturnal irradiation 
drops to much lower values on clear cold 
nights in the winter and is much higher 
than the above values on warm, humid, 
and overcast nights in the summer. 

For purposes of comparison pyrheliom- 
eter curves also are included for Walnut 
Creek and Berkeley. It will be noted 
that the pyrheliometer readings drop to 
zero at night, as the Eppley Pyrheliom- 
eter responds only to short wavelengths. 

In Figure 7 are shown radiometer and 
pytheliometer curves for a day with 
fairly thin high fog, characteristic of the 
San Francisco Bay region. It is inter- 
esting to note the correlation between the 
readings of the two instruments. 

As yet, very few measurements have 
been made with the net exchange meter, 
as irradiation has been of greater interest. 
However, the net exchange meter was 
checked against two total hemispherical 
radiometers on a sunny afternoon in 
Berkeley. The procedure followed was to 
take readings on all three meters in their 
normal horizontal position. Then the 
two hemispherical radiometers were in- 
verted and readings were made of the 
total radiation leaving the earth. The 
difference between the radiation falling 
upon the earth and that leaving the earth 
should check the reading of the net ex- 
change radiometer. The comparison of the 
data from the three meters at 3:00 p.m. 
on August 23, 1949 is given in Table I. 

It is seen that the agreement between 
the values for the net radiation exchange 
from the two types of radiometers is 
fairly good. Some of the discrepancy 
may be due to changes in conditions 
during the unavoidable delay between 


course, in the calibration constants of the 
radiometers, in the leveling and position- 
ing of the radiometers, and in the voltage 
measurements made with the potenti- 
ometer, 

The flat plate radiometer has been used 
extensively by the University of Cali- 
fornia College of Agriculture in studies of 
animal shelters and environment in the 
Imperial Valley and by the Cooperative 
Snow Investigations in making energy 
balances in connection with studies of 
snow melting rates in the Sierra Nevada 
Mountains of California. Both the total 
hemispherical radiometer and the net ex- 
change radiometer should find further use 
in studies of evaporation, the problems of 
freezing of crops in winter, heating, ventil- 
ating, air conditioning, and refrigeration, 
and in micrometeorology studies. 
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Discussion 


George V. Parmelee (ASHVE Research 
Laboratory, Cleveland, Ohio): Messrs. 
sier and Dunkle have developed a very use- 
instrument by a unique application of 
the well known heat flow meter. Its sim- 
icity, compared with compensating instru- 
ments which have been used in the field of 
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meteorology, is a highly commendable 
characteristic. The writer and his co- 
worker, W. W. Aubele, have been greatly 
interested in this instrument because of 
their own experience in developing and using 
a hemispherical radiometer of the convec- 
tion-compensated type. Their instrument 
is being used in research on heat flow 
through glass sheets and hollow glass block. 
The need for such an instrument became 
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evident when it was found that the long- 
wave-length radiation received from the 
outdoor surroundings was a significant factor 
in heat flow and that it could not be readily 
evaluated by imdirect means. 

The writer has several specific comments 
regarding the radiometer and its use as fol- 
lows: 

1. The use of aluminum sheets on either 
side of the heat meter to dampen fluctua- 
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tions ties in with our experience that it is 
difficult to obtain a steady response. This 
appears to be due to rapid fluctuations in 
air temperature and in solar radiation inten- 
sity. Wasit found that a single spot reading 
was satisfactory or would the average of a 
series of readings taken at regular intervals 
be a more accurate measure of the irradia- 
tion? Such an average could be obtained 
with a recording potentiometer. 

2. Our experience in calibrating Eppley 
pyrheliometers, and data found in the litera- 
ture, show that absorptance of surfaces is 
nearly constant up to about 60 degrees 
incidence but decreases rapidly at greater 
angles. Have the authors had any similar 
experience? Their radiometer surface does 
not appear to have this selective absorptance 
characteristic. 

3. Figure 5 of the paper shows that the 
spectral reflectivity in the solar spectrum, 
between 0.3 and about 2.5 microns, is of the 
order of 6 to 7 per cent. The long-wave- 
length radiation from the sky for air tem- 
peratures of from about 30 to 125 degrees 
Fahrenheit is concentrated well to the right 
of 7 microns. Since the reflectivity in this 
region is of the order of 12 per cent, one 
would expect the instrument constant to 
vary for radiation from these two sources. 

In conclusion the writer wishes to ac- 
knowledge the valuable contributions of 
Messrs. Gier and Dunkle in the field of ther- 
mal radiation. Their reports have been an 
invaluable source of data as well as tech- 
niques. This particular paper describes an 
interesting instrument and gives illustrative 
data regarding radiation phenomena that 
have been overlooked by many investiga- 
tors. 


L. J. Anderson and E. R. Anderson (United 
States Navy Electronics Laboratory, San 
Diego, Calif.): Referring to the paper by 
J. T. Gier and R. V. Dunkle it may be 
pertinent to comment briefly on a modified 
radiometer that they built for the evapora- 
tion studies being conducted at Lake Hef- 
ner, Oklahoma City, Okla. This instrument 
is being used as one component of a com- 
plete radiation station. The radiometer, 
together with an Eppley pyrheliometer, is 
employed to obtain the terrestrial radiation. 
Knowing the surface water temperature 
and the emissivity of water, the radiation of 
the lake to the atmosphere is obtained from 
the Stefan-Boltsman Law. The difference 
between the atmospheric radiation and lake 
radiation gives the net gain or loss to the 
lake of long wave radiation. 

. This particular application of the radi- 
ometer requires that the instrument be 
modified to utilize direct rather than alter- 
nating current. The flat plate employed is 
2 inches square (standard version 4 inches 
square). The centrifugal blower is powered 
by a small 6-volt d-c Hanson motor drawing 
250 milliamperes. Hence, it is well suited 
for portable field operations in locations re- 
mote from a-c power. The calibration con- 
stant in centimeter-gram-second units, is 
0.341 calorie per square centimeter per 
minute per millivolt at 6 volts, with a maxi- 
mum output for atmospheric radiation of 
approximately 6 millivolts. The output is 
recorded through a suitable amplifier on an 
Esterline-Angus recorder. A  15-point 
switch is used to record a reference, flat 
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plate reading, flat plate temperature, up- 
ward looking Eppley, and a reflecting 
Eppley. In this way 4-minute records of 
each element are recorded every 20 minutes. 

In addition to being used to determine 
terrestrial and effective back radiation, the 
temperature of the flat plate is being used 
successfully to determine the temperature of 
rain falling into the lake. This is an easy 
accurate method of determining this quan- 
tity. 

The above described instrument has been 
in continuous use since March 1950. It has 
been subjected to temperatures of 30 to 
—12 degrees centigrade, rain, high winds, 
dust, and snow. The only maintenance has 
been an occasional cleaning of the flat plate 
and repainting of the upper black surface. 


R. W. Gerdel (Snow, Ice, and Permafrost 
Research Establishment, St. Paul, Minn.): 
The development of the total hemispherical 
radiometer has provided a long needed tool 
for research in snow and ice. When used as 
a net exchange radiometer, the long wave 
radiation exchange between a snow pack and 
its environment may be measured with a 
precision not heretofore attainable. 

The agricultural and industrial economy 
of that portion of the United States west of 
the 100th meridian is dependent upon the 
use of water supplies derived almost entirely 
from melting snow. Improvements in the 
forecasting of water supplies for these 17 
western states requires that more precise 
information upon the diurnal heat balance 
be obtained. Radiation studies in the High 
Sierra, Cascades, and Rocky Mountains, 
using the Eppley pyrheliometer, limited to 
short wave radiation between 0.2 and 2.5 
microns, emphasized the need for a more 
precise evaluation of the net long wave radi- 
ation exchange for wave lengths in excess of 
the maximum sensitivity of the Eppley in- 
strument. 

Both the total hemispherical and net ex- 
change types of radiometers have been used 
in the Central Sierra Snow Laboratory near 
Donner Summit, Calif., to measure the in- 
coming long wave radiation and the net 
exchange between the snow and clouds, 
trees, protruding rocks, and other effective 
portions of the environment. 

In a preliminary report! of the Coopera- 
tive Snow Investigations the results of some 
of these experiments were summarized. It 
is concluded that the long wave component 
of radiation received by the snow pack is 
relatively constant throughout the entire 
24-hour day and amounts to between 0.3 and 


Figure 1. Total 
hemispherical radi- 
ometer on tripod be- 
ing used to measure 
total solar and sky 
radiation at Davis, 


Calif. 
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0.4 gram calorie per square contimieter per 
minute. Outgoing long wave radiation has 
a constant intensity of about 0.45 gram 
calorie per square centimeter per minute. 
In order to cause snow melt, the absorbed 
short wave radiation received during the 
day must overcome a radiation deficit of 
0.05 to 0.15 gram calorie per square centi- 
meter per minute. Under a dense forest 
canopy, the net exchange of long wave radi- 
ation between the vegetation and the Snow 
pack appeared to be zero. 

The tentative conclusions derived from 
the data collected with these unique instru- 
ments indicate that the snow melt-runoff 
equation may be improved by the inclusion 
of a net long wave radiation exchange func- 
tion. 

From the military standpoint, the traffica- 
bility of a snow surface is frequently de- 
pendent upon the production of a surface 
crust or a hardening of the snow to a con- 
siderable depth. The latter process is simi- 
lar to sintering and may occur to a consider- 
able depth even in very cold snow. Studies 
have been initiated at one of the Western 
Snow Laboratories by the Snow, Ice, and 
Permafrost Research Establishment of the 
Corps of Engineers, in which the total 
hemispherical and the net exchange radi- 
ometers are to be used to evaluate the rela- 
tionship between long wave radiation ex- 
change and the bearing capacity and trac- 
tionability of snow. 

The authors are to be complimented on 
the development of such simple, precise, 
and reliable instruments. Without them, 
many of the thermodynamic and radiation 
problems associated with the civilian and 
military use of snow would be difficult if not 
impossible to solve. . 
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C. F. Kelly (University of California, Agri- 
cultural Experiment Station, Davis, Calif.): 
The total hemispherical radiometer de- 
scribed by Mr. Gier and Mr. Dunkle has 
been used since 1946 in studies of the effect 
of hot environments on livestock in the 
Imperial Valley and at Davis, Calif. This 
has been a co-operative project between the 
United States Department of Agriculture 
and the University of California. 

A quick method of measuring the effec- 
tiveness of various shades in cutting off 
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solar and sky radiation from livestock was 
needed. This need has been filled very well 
by the instrument described. Mounted on 
a tripod, as shown in Figure 1 of this discus- 
sion, and used with a good portable potenti- 
ometer, it makes a rugged field instrument. 
By the time it is leveled up in a new loca- 
tion, it comes to thermal balance with its 
new environment. In comparing two 
shades, a reading is made in the open, away 
from the shade, and then under each shade 
at the location where the irradiation is de- 
sired. The tripod is set so that the instru- 
ment is at the height of the animal’s back. 
As a check an additional reading is made in 
the open. The percentage of total solar and 
sky radiation cut off can then be calculated 
and the shades evaluated. By turning the 
radiometer over, with the reflective side up, 
the same procedure can be used for measur- 
ing effect of shadow size, ground tempera- 
ture, and so forth on lower hemisphere radia- 
tion. 

The radiometer used in our first measure- 
ments did not have a forced air blast to 
even up the convection losses from the sides 
of the meter. The readings therefore were 
erratic except in very still air. The small 
blower has remedied this situation. We 
have also used the radiometer without the 
lower radiation shield. The lack of a shield 
did not affect the readings of the instrument 
when observations of upper hemisphere 
radiation were made. The same values for 
total solar and sky radiation were obtained 
at a given time when the reflective surface 
was “‘seeing’’ bare ground at 160 degrees 
Fahrenheit or green alfalfa at air tempera- 


ture, about 110 degrees Fahrenheit. Shield- 


ing the reflective surface had no noticeable 
effect under these different conditions. 
However, when the radiometer was used to 
measure lower hemisphere radiation, and the 
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reflective surface was pointed upward, thus 
receiving the full measure of sun energy, 
shading the instrument caused slight varia- 
tions in response because the reflectivity of 
the polished surface is some value below 
1.00. The radiation shield should correct 
this error to a large extent. 

We found it necessary to calibrate the 
radiometer at fairly frequent intervals. 
The instrument with a polished aluminum 
reflecting surface (shown in the figure), 
originally had a meter constant, K, of 20 
Btu per hour per square foot per millivolt. 
After being used for two summers under the 
dusty conditions of the Imperial Valley this 
constant had changed to 18.5. This change 
does not necessarily mean an error in direct 
proportion to the difference between the two 
calibration constants because the oT,‘ frac- 
tion makes up a large part of the total irradi- 
ation G;. For instance, a typical observa- 
tion at noon in the Imperial Valley indicated 
a plate temperature of 118 degrees Fahren- 
heit and a meter response of 12.35 milli- 
volts. The fraction o7,‘ for 118 degrees 
Fahrenheit is 192.5 Btu per hour per square 
foot. The thermopile fraction when K= 
20 Btu per hour per square foot millivolts 
is 247 Btu per hour per square foot and when 
K=18.5 is 228.5 Btu per hour per square 
foot. The total irradiation of the plate is 
439.5 Btu per hour per square foot in the 
first case and 421.0 Btu per hour per square 
foot in the second. A reduction of 7.5 per 
cent in the constant K reduced the observed 
solar and sky radiation only 4.2 per cent, 
neglecting any change in plate temperature 
which might occur through a lowering of the 
reflectivity of the polished surface. While a 
small change in calibration constant is not 
so important where differences between the 
effect of various structures on the micro- 
climate are being measured, it is significant 
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where absolute values are desired. To have 
a method of field calibration for the instru- 
ment would be valuable. 

We have had no experience with the net 
exchange meter, but since it does not depend 
for its accuracy on a polished surface, it 
should be a more stable instrument than the 
hemispherical radiometer. 

We wonder if the abscissa co-ordinates in 
Figure 6 of the paper have not been moved 
1 hour too far to the left, since we have day- 
light saving time in California during the 
summer? It appears that the maximum 
irradiation of the plate should occur at 
12:00 noon, solar time, if the sky is clear. 


J. T. Gier and R. V. Dunkle: This is in 
reply to the discussion by George Parmelee. 

Commenting on point number 1, it is 
thought that an average of a series of read- 
ings is preferable to a single spot reading. 
In most casés a recording potentiometer is 
used with the radiometer. On a clear day 
the fluctuations are small, but are apprecia- 
ble on partially cloudy days. 

With reference to point 2, the authors 
have not investigated the response of the 
Eppley pyrheliometer as a function of angle. 

In comment number 3, Mr. Parmelee is 
correct in his statement that the variation in 
spectral absorptivity shown in Figure 5 
should affect the response of the instrument. 
However, calibration with sources at differ- 
ence temperature has shown good agreement 
on the calibration constants obtained, indi- 
cating that the surface actually obtained on 
the instruments may have a somewhat flat- 
ter reflectivity curve than shown in Figure 5. 

Mr. Kelly is correct in that the time 
scale on Figure 6 is shifted by one hour 
and should read Pacific Daylight Time in- 
stead of Pacific Standard Time. 
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An Electromagnetic Induction Method 
of Measuring Oscillating Fluid Flow 


ALBERT J. MORRIS 


ASSOCIATE AIEE 


O BE described is an electromagnetic 

induction method of measuring os- 
cillating fluid flow which is linear, sensi- 
tive, instantaneous in response, and of 
good stability. The need for such an in- 
strument arose during a study of a system 
of stabilizing ships against rolling by 
means of the controlled pumping of fluid 
between two tanks located on opposite 
sides of a ship. Located at Stanford 
University is a 5-ton dynamical model of a 
World War I destroyer which is being 
used for this study. For the purpose of 
orientation, Figure 1 shows the Stanford 
installation. The model system, shown 
on the left, is driven by a mechanism 
which simulates wave motion. A con- 
stant-speed propeller-type variable pitch 
blade pump located in one of the tanks 
provides the means for fluid transfer. The 
system is a closed loop servomechanism in 
which the waves act as an external dis- 
turbance which must be counteracted by 
the pumping of fluid. The difference in 
the rolling caused by the action of ex- 
ternal wave forces and internal tank- 
water forces produces an “error” signal 
from the roll-sensing accelerometer which 
tends to, but of course can never be, zero. 
Figure 2 shows a block diagram of the 
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servo loop. One of the important prob- 
lems was to determine experimentally the 
transfer functions of the different com- 
ponents of the system in order that the 
system might be understood and its per- 
formance predicted. The flowmeter is 
used to study the dynamic transfer char- 
acteristic of the pump as a function of 
time and frequency. This portion of the 
loop is shown segregated between the ver- 
tical dashed lines on Figure 2. 


Statement of the Problem 


It is necessary to know, as a function of 
time, the instantaneous rate of transfer of 
fluid in the system. Requirements to be 
met are: 


1. The instrument must measure fluid 
velocities linearly in the velocity range +18 
feet per second. 


2. The data obtained should be recorded 
simultaneously with information on pump 
blade angle, tank position, and so forth to 
enable measurement of time and/or phase 
lag phenomena. 


3. The measuring instrument should not 
appreciably disturb or distort the flow. 


4. The instrument must respond only to 
fluid velocity and must not be sensitive to 
static or kinetic pressure forces. 


5. The instrument must have an instan- 
taneous response and not introduce any time 
lag of its own. 


Careful study of these requirements 
indicates that they are indeed severe. 


Methods of Measurement 


The flow covers a very wide range of 
Reynolds numbers so that devices on 
which the fluid acts directly with a force 
such as paddles, pitot tubes, and cur- 
rent meters, are ruled out due to non- 
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linearity in their response over the flow 
range. In addition to the wide range of 
flow velocities involved, the fluid is 
usually accelerating in the tanks and the 
tanks themselves may be accelerating and 
at the same frequency. Therefore, any 
instruments sensitive to pressure are also 
affected by the change in pressure caused 
by two separate accelerating forces be- 
tween which it is almost impossible to 
differentiate. This rules out any flow- 
meter on which the fluid acts directly. 
Photographic methods also have certain 
drawbacks. A photographic method was 
used by N. Minorsky! before the war for 
tank level metering but this proved un- 
satisfactory due to turbulence of the fluid 
level, the necessity for correcting for tilt 
of the tanks, and the great effort re- 
quired in correlating the data with data 
taken simultaneously on other parts of the 
system. 

There is however, an electromagnetic 
induction method of measuring fluid flow 
which appeared well suited to the pur- 
pose. Itis simple in theory and elegant in 
practice. Its use is still relatively un- 
known although a good theoretical and 
experimental treatment by Thurlemann? 
and recent papers by Grossman,*et al are 
bringing it into well deserved promi- 
nence. Basic patents on electromagnetic 
velometry are held by Kolin,‘ Lehde,® 
Smith and Slepian.® 


Theory of the Electromagnetic 
Flowmeter 


The principle of the Electromagnetic 
Flowmeter is based on Faraday’s’ law of 
electromagnetic induction. Thus, if we 
establish a magnetic field in a region 
through which the conducting fluid flows, 
the fluid will act as a group of filamentary 
conductors in which will be induced a 
voltage proportional to the magnetic | 
field strength and the fluid velocity. If 
u designates the permeability of the 
fluid, v the flow velocity and H the mag- 
netic field strength, the electric field 
strength E is given by: 


E=uwxXH (1) 


where E is induced in a direction mutu- 
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Figure 1. Five-ton ship stabilizer model 


ally perpendicular to the magnetic field 
and the direction of flow. Since E rep- 
resents the gradient of potential in the 
fluid, two electrodes placed on opposite 
sides of the pipe or other medium through 
which the flow occurs will measure the in- 
duced potential which will be a measure 
of the average flow velocity. Inspection 
of equation 1 indicates that the only 
physical property of the fluid affecting 
the voltage generated is the magnetic 
permeability which is very nearly one for 
all nonferrous substances. The voltage 
generated is thus independent of such 
parameters as pressure, temperature, 
density, composition and electrical con- 
ductivity, which are so influential in more 
common methods of velocity measure- 
ments. Of greatest importance is the fact 
that, as Thurlemann? has shown, the in- 
duced voltage is directly proportional to 
mean flow velocity and is instantaneous 
in response. 


Figure 2 (below). 
Figure!‘ 4 (right). 
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ACTIVATOR 
(PUMP) 


Discussion of General Polarization 
Problem 


In all measurements of this type 
polarization phenomena play an impor- 
tant role. The passage of a direct current 
through an electrolyte is accompanied by 
two effects: changes in composition of 
the solution which alter its conductance; 
and liberation of gas at the electrodes 
which sets up an electromotive force of 
polarization. The effects are minimized 
by low currents (our currents never 
exceed 3 micro-amperes) or nonpolariz- 
able electrodes such as graphite or plati- 
nized platinum (we use graphite elec- 
trodes). The use of an alternating mag- 
netic field to avoid this polarization prob- 
lem was first proposed by Kohlrausch® in 
1868. When an alternating field is used, 
the polarization potential produced by 
each symmetrical pulse is completely 
neutralized by the following reversed 
pulse. Grossman*® and others used d-c 
magnets with no concern for polarization 
when they were interested in measuring 


Block diagram of servo control loop 


Schematic diagram of electromagnetic flowmeter 
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induction-type 


Electromagnetic 
flowmeter 


Figure 3. 


fluctuation effects due to turbulence com- 
ponents instead of mean velocities. 


Effect of Polarization Phenomena 
in This Application 


It appeared possible that, since the 
flow was oscillating, one might be able to 
use a magnetic field constant with time. 
This possibility was particularly attrac- 
tive in view of the availability of mag- 
netron-type magnets of high field strength. 
The desirability of using compact per- 
manent magnets if possible, rather than 
electro-magnets, is obvious. Of course, 
the frequencies are low, less than 1 cycle 
per second, so that the problem was not 
clean-cut; it was necessary to study the 
rates at which the troublesome polariza- 
tion processes took place. If the re- 
versals were fast compared to these proc- 
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esses one need expect no difficulties. 
Glasstone® gives figures on ion mobility 
rates, electrophoretic mobility rates, and 
electrode dissociation rates. With a 
maximum gradient of about 500 micro- 
volts per centimeter in our system, all of 
these processes appear to be slow com- 
pared to the flow reversal rate. 


Actual Construction 


As a result of the above considerations, 
a permanent magnet yoke was constructed 
utilizing two magnetron-type permanent 
magnets, each producing a field of 1,500 
gauss across a 2-inch air gap. The gap 
was widened sufficiently to straddle the 5 
inches thick, 12 inches wide rectangular 
duct where flow was to be measured. This 


installation is shown pictorially in Figure ~ 


3 and diagrammatically in Figure 4. A 
rough check of the resulting magnetic 
field strength distribution in the duct in 
the plane of the two electrodes shows an 


almost sinusoidal flux distribution with a ° 


maximum of 400 gauss in the center of the 
duct. A 1-foot section of the original iron 
duct was cut out and replaced by a lucite 
section in order to get a magnetic field 
through the water, to avoid attenuating 
the induced potentials, and to enable 
visualization of the flow. 


Expected Performance 


Rough calculations were made in order 
to estimate the probable level of the in- 
duced voltage to be expected. Assuming 
approximately constant velocity across 
the duct and sinusoidal flux distribution, 
and integrating the magnetic field over 
the width of the duct, one arrives at an 
expected order of magnitude of 2.81 
millivolts per foot per second induced in 
the duct. Of the total voltage generated, 
only a fraction can be expected at the 
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Figure 5 (left). Schematic diagrams of fowmeter characteristics 


Figure 7 (above). Block diagram of associated flowmeter instrumentation 


electrodes due to the internal impedance 
of the water. Figure 5 shows four dia- 
grams which help explain what is taking 
place. The upper left diagram is a top 
view of the duct depicting the leakage 
magnetic flux distribution of the magnets. 
The upper right diagram shows the form 
of the probable current distribution in the 
water due to the induced voltage. Most 
of the current will take the path of least 
resistance between electrodes. There 
will, however, be some current taking 
longer paths since all of the water has 
conductivity. In view of the leakage flux 
and the diffusion of current, the system 
can be assumed to be equivalent in form 
to that shown in the lower left corner of 
Figure 5. The impedance of the direct 
path for current flow between electrodes 
was estimated to be about twice the im- 
pedance of the shunting water paths. 
On this basis, using simple Kirchoff’s 
laws, the voltage at the electrodes comes 
out to be about 1/5 of the voltage gen- 
erated or about 0.56 millivolt per foot 
per second in the duct. This then is the 
estimated measurable sensitivity. The 
impedance between electrodes was esti- 
mated at 10 kilohms by a similar ap- 
proach. 


Linearity 


A meter of this type averages the flow 
velocity across the duct cross-section and 
gives a measure of the mean velocity. 
For the wide range of velocities covered 
the velocity profile will change during a 
cycle. Probable velocity profile types are 
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Figure 6. Equivalent circuit of flowmeter 


shown in Figure 5 in the lower ri 
corner. Such a change in flow prc 
with a sinusoidal magnetic flux distri 
tion results in different ‘‘weighting”’ 
each flow element, and the possibility 
nonlinearity in voltage output versus f 
rate arises. However, the meter does 
record the change in the maximum of 
flow velocity but rather the change in 
“fundamental” of Ymax since the magn 
flux distribution results in little volt 
contribution from flow elements near 
walls. Actually then, the interest is 
the expected change of the ratio Ime 
Umax. Rough calculations indicate the 
1 to 2 per cent deviation from linea: 
can be expected to appear at the 
minals between the maximum range 
flow velocities. In the normal range 
operation only about 0.5 per cent neec 
expected. 


Undesired Effects 


Undesired voltages can be expectec 
three forms: polarization drift, err: 
disturbances, and noise pickup. 
polarization drift problem has been 
cussed. There always exists some | 
voltage between electrodes which mus‘ 
cancelled out before applying the vary 
signal to the amplifier. This bias volt 
does not drift appreciably in operat 
and can be bucked out. There is 
trouble with erratic disturbances bece 
particular attention has been paid 
proper shielding of the equipment, 
pecially of the leads from the electrode 
the amplifier. Noise pickup can be eli 
nated entirely by establishing a c 
mon ground between the tank system 
the amplifier. This, however, leads 
other undesired effects. Reference 
Figure 6 will clarify this matter. 7 
figure shows a more accurate equiva 
circuit of the flowmeter. From € 
electrode to the metal tank there is alv 
a bias voltage, usually exceeding 
millivolts. These voltages are ne: 
equal, explaining the small residual 
voltage measured between electro 
Grounding one of the electrodes to el 
nate the noise shorts out half of 
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voltage generating system and reduces 
the sensitivity by a factor of about two. 
In addition, the high bias voltage between 
the ungrounded electrode and the tanks 
proves to be erratic and drifts excessively. 
This of course could not be tolerated. 
Thus it was concluded that neither elec- 
trode should be grounded and that the 
signal must be derived from across both 
electrodes. 


Associated Instrumentation 


The problem then reduced itself to 
eliminating undesired voltages and am- 
plifying and recording the desired voltage. 
The range of frequencies of interest of the 
desired voltage is primarily below 1/3 
cycle per second. Therefore, up to 1/3 
cycle per second, the amplifying, filter- 
ing, and recording apparatus must intro- 
duce only small and known phase shift so 
that the response can easily be corrected. 
The system should have fair response up 
to about 10 cycles per second however, in 
order to sbow the high frequency effects of 
closing of the pump blades, blade chatter, 
and possible other phenomena. The am- 
plifying and recording system must be 
capable of handling flow signals between 
1/4 to 15 millivolts. This, together with 
the frequencies of interest, dictated the 
use of a sensitive d-c amplifier. Since the 
signal required filtering anyway, a chop- 
per-type d-c amplifier is used with its in- 
herent high sensitivity and high sta- 
bility. Figure 7 shows a block diagram of 
the final test setup. The bias signal from 
the electrodes is cancelled out by a “‘bias 
bucking”’ circuit. Immediately following 
the bias bucking circuit is a series of at- 
tenuators which are varied in steps to 
keep the signal input to the d-c amplifier 
below 1 millivolt to preserve linearity. 
Following the attenuators is a low-pass 
filter which eliminates all a-c noise volt- 
ages. Following the low-pass filter is 
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another bias circuit which biases the 
chopper amplifier into a region of linear 
operation. The chopper frequency is 60 
cycles. The output of this amplifier is 
filtered by a parallel-T notch-type filter 
which ‘‘kills’’ the 60-cycle carrier and is 
adjusted to effectively filter out the 120- 
cycle ripple as well. The output of this 
filter is fed to a straight-forward resist- 
ance-coupled direct power amplifier which 
drives a Brush oscillographic recorder. 
The phase Jag introduced by this entire 
chain is essentially constant at 5 degrees 
up to 1/2 cycle per second. The am- 
plitude is flat within 1 decibel over this 
range. The input impedance of the asso- 
ciated instrumentation loading the flow- 
meter is 25,000 ohms. 


Flowmeter Tests 


The impedance across the electrodes 
was checked and found to be 6,000 ohms. 
Repeated measurements have shown that 
the average bias level across the electrodes 
is less than 15 millivolts. In order to be 
sure that the only voltage measured was 
due to water flow and not due to motion 
of conductors in the stray magnetic field 
which exists around the system, the duct 
was completely blocked to prevent water 
flow and the tank system rolled at large 
amplitude. This and other tests indicated 
that the only measurable voltage gen- 
erated in the system is due to flow of 
water past the electrodes in the presence 
of the field of the magnets. Tests of sen- 
sitivity and linearity were made by 
measuring the voltage directly at the 
electrodes. In these tests the servo-am- 
plifier was excited by an artificial sine- 
wave generator causing sinusoidal oscil- 
lation of the pump blades and approxi- 
mately sinusoidal flow in the duct. Both 
the frequency and amplitude of drive were 
varied. The measurements are plotted 
in Figure 8, maximum flow rate (d@max dt) 
as the ordinate with corresponding maxi- 
mum voltage induced as the abscissa. As 
can be seen, the linearity is excellent. 
From the curve, the measured sensitivity 
is 1.2 millivolts per foot per second in the 
duct which is about twice the estimated 
sensitivity. 

The next step was to record the actual 
motion of the blades by means of a special 
pickoff and compare it with the flow volt- 
age by presenting both signals on a twin 
channel Brush recorder. Sample records 
over a range of frequencies are shown in 
Figure 9. It is apparent that assumption 
of sinusoidal flow is a good one. Figure 9 
also shows curves of flow rate versus blade 
angle where the blade is allowed to have a 
superimposed high-frequency oscillation 
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due to removal of some damping in the 
servo system. These records are given 
to indicate the faithful response of the 
flowmeter to rapid changes in flow rate. 

The drift of the zero level of the re- 
corded flowmeter signal corresponding to 
zero flow was checked over a long period of 
time at various frequencies. At a fre- 
quency of 0.3 cycle per second the drift 
is about 0.044 millivolt per minute. At 
0.03 cycle per second it is about 0.127 
millivolt per minute. In neither case is 
the drift appreciable. For this purpose 
it is completely negligible. It has been 
confirmed experimentally that the re- 
sponse of the flowmeter is instantaneous 
by studying its response as a function 
of frequency, amplitude of water motion 
and blade angle. 

It may be concluded that the electro- 
magnetic method is well suited for meas- 
urements of this type. The system is 
linear, stable, instantaneous in response, 
and has high sensitivity. It responds only 
to fluid velocity and provides direct elec- 
trical signals which can easily be re- 
corded. The associated equipment is 
fairly simple and easy to set up. The use 
of permanent magnets with oscillating 
flow has been shown to be feasible at very 
low frequencies. Such a system is highly 
useful in the study of the dynamic char- 
acteristics of variable-pitch blade pumps 
as it clearly indicates the effects of blade 
chatter, closing of the blades, change ot 
blade angle, change of frequency, pump 
speed, and so forth Adaptations of this 
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type of instrument to flow measurements 
of all kinds can be envisaged. 
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Three-Phase Measurements of Resistance 
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Synopsis: Unsymmetrical spacing of con- 
ductors produces errors in the values of a-c 
resistance measured on the individual con- 
ductors, of a 3-conductor system, with 3- 
phase current. The average of two sets of 
3-phase measurements, one with positive 
sequence current and the other with nega- 
tive sequence current gives the true value of 
conductor resistance. An analysis given in 
the Appendix evaluates the effect of unbal- 
anced inductive reactance upon the meas- 
ured resistance. Experimental data are 
shown which support the analysis. 


HE purpose of this paper is to de- 
T scribe a method of measuring the 
true a-c resistance of the individual con- 
ductors of a 3-conductor system with 3- 
phase current. Large discrepancies be- 
tween the measured values of three iden- 
tical conductors with 3-phase current 
have been reported by observers.! It has 
been the practice to take the average of 
the values of resistance measured on the 
three conductors as being the true a-c re- 
sistance of each. This procedure is valid 
only if the resistances of the individual 
conductors are actually equal. Inequali- 
ties in conductor resistance can result 
from such causes as proximity effects and 
unsymmetrical location of the three con- 
ductors in one iron conduit. Unsym- 
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metrical spacing of the three conductors 
produces unbalanced inductive reactances 
which in turn produce errors in resistance 
measurements. An analysis of the effect 
of unbalanced inductive reactances on the 
measured values of a-c resistance is shown 
in the Appendix. The method described 
in this paper is similar to that used by 
other investigators,'* except that meas- 
urements are made first with 3-phase 
current of one phase sequence and then 
with three-phase current of opposite 
phase sequence. The average values of 
the resistance measured on any one con- 
ductor with the two-phase sequences is 
the true value of a-c resistance. The 
analysis in the Appendix and the test 
data show this to be true. 


Test Methods 


Figure 1 shows a diagram of the meas- 
uring circuit which is very similar to the 
one described by Summers.? The con- 
ductors on which resistance and reactance 
measurements were made are three copper 


tubes each 30 feet in length with an 
inside diameter of 0.375 and an outside 
diameter of 0.540 inch. Three-phase 60- 
cycle current was applied to the con- 
ductors by means of three inverted cur- 
rent transformers which were fed each by 
a variable autotransformer. Another set 
of three current transformers, each with a 
current ratio of 20-to-1 was used in the 
measuring circuit. A tuned 60-cycle 
vibration galvanometer with a sensitivity 
of 0.025 microampere per millimeter fed 
from battery powered amplifier with an 
amplification of 100 was used as a null 
detector. 

Two sets of potential leads were con- 
nected to each conductor at the same two 
points 15 feet apart. One set of potential 
leads was connected inside each con- 
ductor and brought out through a small 
opening midway between the potential 
points. Once outside the conductor, the 
leads were twisted and brought away at 
right angles to the conductor for a dis- 
tance of about 18 feet. The other set of 
potential leads was connected to the out- 
side of the conductor and brought away 
at right angles to a distance of about 18 
feet, then closed to form a rectangular 
loop. The leads were twisted from this 
loop to the measuring circuit. The inner 
potential leads formed negligibly small 
loops with their respective conductors 
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and were used for measurements to check 
those made with the external potential 
leads. 

The measuring circuit is an a-c poten- 
tiometer. The voltage drop across a 
standard resistor, shunted by a voltage 
divider, in the secondary of a current 
transformer plus the voltage in the 
secondary of a mutual inductance is made 
equal to the drop between the potential 
points on the conductor. The conductor 
is in series with the primary of the current 
transformer and the primary of the 
mutual inductance is in series with the 
secondary of the current transformer. 

In order to minimize the effect of stray 
fields, two measurements, with opposite 
polarities of potential and secondary cur- 
rent were made on each conductor for 
both phase sequences. The values of re- 
sistance and reactance are found as fol- 
lows: 


R;=0.0338 ohm fixed standard resistance 

M=mutual inductance henrys 

T =20 current transformer ratio 

R=R,R;/(Ri+R2)T conductor resistance 

X=377 M/T conductor reactance at 60 
cycles 


The d-c resistance of the conductors 
was measured with a Kelvin bridge. The 
resistances of the three conductors were 
unequal probably because of a nonuni- 

_ formity of material. 


Test Results 


EXTERNAL POTENTIAL Loops 


The test data obtained, with the ex- 

~ ternal potential loops, for conductor 
“spacings of approximately 2, 21/4, and 
_ 28/, inches are listed in Table I. Table I 
shows that the apparent resistance of A- 
phase conductor is 1.55 10~* ohm when 
measured with positive-sequence current 
and 1.3010~% ohm when measured with 


negative-sequence current. Whereas the 
average of these two values is 1.43 107% 
ohm compared with a value of 1.406 10~* 
ohm for the d-c resistance. The 60- 
cycle a-c resistance is substantially equal 
to the d-c resistance for copper conductors 
of the size and shape on which the pre- 
ceding data were obtained. 

Alternating current resistance values 
based on measurements with current of 
two phase-sequence check the d-c re- 
sistance values within 3 per cent for all 
three conductors, whereas values ob- 
tained with current of only phase se- 
quence differ as much as 10 per cent 
(A-phase conductor positive-sequence 
measurement). 

Measurements were repeated for dif- 
ferent conductor spacings and the average 
values of a-c resistance for the individual 
conductors obtained with currents of op- 
posite phase sequence were substantially 
the same as those shown in Table I. 


INTERNAL POTENTIAL Loop 


With the internal potential loop ar- 
rangement, the discrepancies in meas- 
ured a-c conductor resistance obtained 
with currents of opposite phase sequence 
were within 2 per cent. The setting of 
the mutual inductance, M, was practi- 
cally zero, indicating that the magnetic 
flux linkages between the internal loop 
and the conductor were negligible. 


CoMPUTED POSITIVE-SEQUENCE 
RESISTANCE 


It is shown in the Appendix that the 
error, with positive-sequence current in 
the measured value of a-c resistance of 
A-phase conductor (conductor 1) is 


0.866(Xac2) — Xai) = V3(Xor— Xer) 


In Table I, Xp, = 0.817 X 1073; X= 
Osss <x 0st and — 0888 KX 10-8 


Table I.\; Three-Phase 60 Cycle—Resistance and Reactance Measurements 


| 
Mutual 


Table Il. Three-Phase Resistance Measure- 


ments Unbalanced Current 


Conductor Resistance 
Milliohms 
Measured 


Phase 


Sequence Average 


A-Phase Conductor Rao = 1.447 X 10-3 ohm at 37°C 


TP OBRCIN 5 Tecsrarnte avian terns 1,51 

Negatives... ..ccees cen SQ ecvvate teres deopeua 1.42 
B-Phase Conductor Rao = 1.178 X 10-3 ohm at 37°C 
ROBITIVE Siren de cmc sieve 1.07 

INGZREIVO ray nec paces. ae AO i aisles Oa ais gt 1.18 
C-Phase Conductor Rac =1.111 X 10 ~3 ohm at 37°C 
Positive say aci ate tes 1.08 

Negative. iiis«.cac closets cs j a I a ee RP CMON CAS i Lil 
Average conductor temperature = 37°C. 

Current in conductors A=49.0 amperes B=40.0 


amperes C=37.0 amperes. 


ohm. Substituting these values into 
equations 10, 11, and 13 in the Appendix 
the error terms are +0.118, —0.081, 
— 0.036 milliohms for A-, B-, and C-phase 
conductors respectively. If these terms 
are subtracted from the positive-sequence 
values of resistance shown in Table I we 
get 


milliohms for A- 


Rq=1.55—0.118 = 1.43 


phase 

Ry =1.08+0.081 =1.16 milliohms for B- 
phase 

R,.=1.08+0.036=1.12 milliohms for C- 
phase 


These values are in good agreement with 
average values 1.43, 1.18, and 1.11 milli- 
ohms shown in Table I for A-, B-, and 
C-phase conductors respectively. 


Unbalanced Current 
Unbalanced current in a 3-conductor 
system is comprised of positive- and 
negative-sequence components only, as 
there is no return path for zero-sequence 
current. It follows, therefore, that 
measurements with currents of opposite 
phase sequence will produce the true 
value of a-c conductor resistance even if 
the current is unbalanced. The effect of 
unbalanced currents on the measured 
value of a-c resistance is analyzed in the 


a Conductor Resistance Conductor Reactance 
hase Ohms Milliohms Inductance, Milliohms : : 7 , ¥ 
‘Sequence Ri R, Measured Average Microhenrys Measured Average Appendix. Table II lists the results ob 
b. tained with unbalanced current. 
A-Phase Conductor Rac =1.406X10~3 ohm at 31°C 
Beettives...Dir....1,000... 97....... TE ax ace: Tp anon cbpese MORO n nretstaeieyiae 0.820 Conclusions 
Ya Rev @:..17000,. 2880/0. «15.6% IE] Gipe para cation eee ABO i acc pcn 0.848 
_ Negative... Dir....1,000. ..307 shbecvire icp thdrepete DE BOM ess favarstessie BAST aatiiye ate 0,841 
Rev. 1) ,000. 208... 0.280 e ee Le 4Bi ces e pened Tocvenccnes [84 leaner: : F 
: Rev...1,000...296.,..... TUE ries ENN NAB cap oars Moone 0 0.838 The analytical and test results, given 
Sem enter 7 Nae WRN ple previously, show that in a 3-phase meas- 
Mie, Dic,...1,000,..562....... LOR mee eae TOS ete te cut BOT A Ss shag 0.824 : 
ROOD ser OQ ne cee HOB etre eteceieic Sice neiniev ls * BB Teer gone 0.824 urement of resistance followed by one 
tl O00 tem a4i ier NOTE a ae AAO S tree in i. AS sO uaenitan hots 0.810 +4 hae : he 
pal s000+ e818. 5), DOR ea stete UST ees Fastin: 4B Ota Gatien OLSLOM een. 0,817 with ae ¥ ane aie aes 
C alue 
se Conductor Rac = 1.087 10-3 ohm at 31°C peuple data Sic cy uel the: true v 
Rel O00) tOU2ee mee ft OBn a ory ter TOS Serie ce Cel lan BiB o 0 0 0.885 of a-c resistance of each individual con- 
Bee OOO ODO mann tm Ud herigciar 00 6G chomp Dae eat AT Oh: « steerer 0.885 ductor can be obtained. This is true for 
..1,000...480....... Ae Vases cr Wd. oer teaches 47 .0.3...000 ae 0.885 ; ; 
it, 000.0 408% «soe Ca Sanee colt. HO sis Sy sts All: Owicie ya Aiea ORSSBi ry ..0.0 0.885 conductors with unbalanced impedance 
conductor temperature =31°C. and withbalanced or unbalanced current. 
t =40 amperes per conductor. A definite quantitative correlation exists 
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between the errors in the measured values 
of resistance, using only one phase se- 
quence, and the values of the unbalanced 
reactances. It is possible to compute the 
error in the measured value of resistance, 
using only one phase sequence, if precise 
measurements of reactance are made, 
thus making it unnecessary to repeat the 
measurement with current of opposite 
phase sequence. 


= 


Appendix 


In a system of three conductors of the 
same size and shape, let the following be ex- 
pressed in ohms: 


R,=a-c resistance of A-phase conductor 

R,=a-c resistance of B-phase conductor 

R,=a-c resistance of C-phase conductor 

X,q=conductor component of inductive re- 
actance® of each of the three con- 
ductors 

Xa) =separation component of inductive 
reactance between conductors | and 2 
(A- and B-phases) 

Xa(o3) =separation component of inductive 
reactance between conductors 2 and 3 
(B- and C-phases) 

Xa(a) =separation component of inductive 
reactance between conductors 3 and 1 
(C- and A-phases) 

Iq, Ip, and J;=currents expressed in am- 
peres in A-, B-, and C-phases respec- 
tively. 


All these quantities obtain for the length 
of conductor (15 feet) between the potential 
points. 

The voltage between potential points, if 
the rectangular measuring loop is closed at a 
distance from the conductor which is great 
compared with the conductor spacings, is 
expressed by 


Eq=(RatjXalla—jXai2)ly—jX aa I. (1) 


If positive sequence current, only, is 
applied, then 
Ta=TLa; In=a*lg 5 Ie=alai (2) 


where the coefficient a is an operator which 
advances a vector 120 degrees. Substitut- 
ing equation 2 in equation 1 


Eq=(Ra +jXa —a4X ac2) —jaX q’31) War (3) 


The positive-sequence impedance, expressed 
in ohms, is 


E 

Za= a = R,—0.866(X a2) —Xaeny)+ 
al 

i( x4 Sant Faw) (4) 


The real term, Rg—0.866(Xau2)—Xacay), 


is the measured positive-sequence resistance 
and contains an error term, namely —0.866 
(Xaaz—Xaay)- 


If negative-sequence current, only, 1S) 


applied the operators a? and a in equation 3 
are interchanged, and the negative-sequence 
impedance, expressed in ohms, is 


E 
ee ef = Ry +0.866(Xa(w2) — Xa(ar)) + 


a2 
i( xe Man hew ) (5) 


The average value of equation 4 and equa- 
tion 5 is 
_ Za +Za2 


2 =Rat+ 


Xa(1w2) +Xa 
{ x.1 282 Hee) (6) 


a 


The error terms 0.866(Xq@qa2)—Xai)) in 
equation 4 and equation 5 cancel, and the 
real term R, in equation 6 is the a-c resist- 
ance of the conductor. 


Determination of Error Term 


The error term 0.866(Xaa2)—Xagy) can 
be computed from the values of reactance 
measured with current of one phase sequence 
only. 


Xa) +X ac: 
Xe aun d(31) (7) 
XG Xa 
ce ane a d(12) (8) 
Xgn Xap asa (9) 


In equations 7, 8, and 9, Xq,, Xp, and X-,¢ 
are the total inductive reactances measured 
on A-, B-, and C-phase conductors respec- 
tively. 

The error terms in the measured values 
of positive-sequence are: 


— 0.866(Xai2) — Xaian) 

=—/3(Xm—Xcer) for A-phase (10) 
— 0.866(Xa(23) — Xai) ) 

=— /3(Xe1— X a1) for B-phase (11) 
—0.866(Xa(s1) — X aces) ) 

=— V/3(Xa:—Xo1) for C-phase (12) 


Errors Due to Unbalanced Current 


This analysis applies to 3-conductor sys- 
tems only. In such systems no zero- 
sequence current can result from unbalance. 
The currents in the three conductors can 
therefore be expressed in terms of positive- 
sequence and negative-sequence components 
Iq and Iq2 respectively as follows: 


Ta=lq,+Lae (13) 


ad 
a 


" (14) 

(15) 
Substituting equations 13, 14, and 15 in equa- 
tion 1, we get 


Eq= (RatjXa)La +Ta2)— 
jXaa2) (aa +ala2)— 


Ip =0°Lq,+al as 
I,=alq+a2a 


IX ats (ala, +a7T a2) 
which can be reduced to CU 
XxX, +X, 
Ey=(Ra+/) (x.+ Sa ae 


0.866(Xac2) — Xa(s1) (ai—Laz) (16) 


The measured impedance is therefore ex- 
pressed by, 


Ea 
Lin ral =R,-+real part of 


a 


Iq —T, 
(0.300 X41») —Xaen) 7a Tet) 


Ta 
L(+ fea = 


imaginary part of (—0.866(Xa(2) — 


Iq —I, 
Xe) 7) ] (17) 
Ta 


If the phase sequence is reversed the 
measured impedance is expressed by . 


Za.,= Ra—real part of ( —0.866(Xaa2) — 


Iq —I 
Xa(s)) ——— =i] (+ 
Ta 
X a(12) + Xd (a3) 


9 ) +imaginary part of 


Ta —Ta: 
(—0:980¢xa%) — Xa Jom (18) 
Ta 
The average of equations 17 and 18 is 
Vi, Leg 
oe at+Za pom 
2 
XG »¢ 
i( Xe et ei) (19) 


where R, is the true value of a-c conductor 
resistance. 
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Discussion 


E. H. Salter (Electrical Testing Labora- 
tories, Inc., New York, N. Y.): The authors 
have presented an interesting attack on the 
problem which has at times causéd some of 
us serious headaches. From a measur- 


352 


ments point of view, some doubt originally 
was cast On accuracy of measurements when 
it was found that under certain operating 
conditions the individual conductors of the 
3-phase system showed wide variations in 
measured apparent resistance, sometimes 
even exhibiting negative values. Investiga- 
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tion showed that such variations might be 
caused by mechanical dissymmetries in the 
cable arrangement or other similar factors 
which would shift the true neutral of the 
system. The average of the three individ- 
ual phase measurements, however, was 
found to yield a value from which the true 
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I*R ljosses could be computed. This was 
verified by wattmeter measurements.! 

The authors present a theoretical analysis 
leading to a means of evaluating the “error 
term” or correction which they find would 
make it possible to determine true resist- 
ances of the individual conductors from 
measured values with only one phase 
sequence. 

Recent) calorimetric measurements with 
balanced 3-phase currents have shown the 
rate of temperature rise in each of the three 
conductors to be essentially the same, re- 
gardless of unbalance in measured a-c resist- 
ances. This would show the losses in the 
conductors themselves to be essentially 
equal in spite of wide variations in the ap- 
parent resistances of the individual conduc- 
tors, a condition which has been verified 
even for the operation of a 3-phase system of 
conductors in a steel pipe, where pipe losses 
also are reflected in apparent conductor 
resistances. Under these circumstances, 
the average apparent conductor resistance, 
which is a measure of the over-all loss of the 
system, is the important characteristic of 
these conductors. The true effective resist- 
ance of the copper of the individual conduc- 
tors then is of only academic interest. 

The authors state, ‘‘it has been the prac- 
tice to take the average of the values of 
resistance measured on the three conductors 
as being the true resistance of each.”’ They 
then state that ‘‘this procedure is valid only 
if the resistances of the individual conduc- 
tors are actually equal,’ though they fail to 
state whether this equality should be in d-c 
resistance or in effective a-c resistance. 
From their next sentence, however, it might 
be implied that they reason this to be true 
only when effective a-c resistances are equal, 
for they suggest that ‘inequalities in con- 
ductor resistance can result from such causes 
as proximity effects and unsymmetrical 
location of the three conductors in one iron 
conduit.” They then further state that 
“the average values of the resistance meas- 
ured on any one conductor with two phase 
sequences is the true value of resistance.”’ 

May I present the results of a-c resistance 
Measurements of three 1,500,000-circular- 
mil paper-insulated conductors, pulled paral- 
lel in triangular spacing, 2.76 inches be- 
tween centers, into 8°/s-inch steel pipe. 
These measurements were made by the 
method shown in my papers on this subject, 
and the results are shown in Table I (below). 


if 


From these data you will note that meas- 
ured a-c resistances show a range of almost 
2:1, reactances, a range of about 1.3 to 1. 
By virtue of their arrangement in the steel 
pipe it would be expected that the true effec- 
tive resistance of the three conductors would 
not be equal. Following the authors’ 
method of analysis, the average of the meas- 
ured values of any one conductor for the 
two phase sequences would be the true 
effective resistance of that conductor. This 
would mean that conductor A, which was at 
the apex of the triangle and farthest from the 
pipe, has an effective resistance lower than 
its d-c resistance, a condition not impossible, 
yet questionable in the light of calorimetric 
tests. 

It will be noted further that the average 
effective resistance for the three conductors 
is the same for both phase sequences—this is 
most readily shown in the ratio of a-c to d-c 
resistances. This would appear to justify 
established practice of averaging these 
measurements. 

An attempt to use here the suggested 
means of evaluating the ‘“‘error term,” in 
order to check the average values, leads to 
results which are obviously valueless, since 
the ‘‘error term’’ in most cases comes out 
larger than the measured a-c resistance. 
This suggests that the analysis is not applic- 
able to the case of cables in pipe, probably 
because there then are at least seven com- 
ponents of inductive reactance rather than 
the four assumed in the authors’ analyses. 
This makes for difficulties in the evaluation 
of the “error term.” 
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R. W. Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): Messrs. Matsch, 
Basu, and Horcher have accomplished, by a 
very simple device, the isolation of the 
power consumed by the individual phases. 
A great deal of time has been given to the 
measurement of losses in cable circuits, and 
no one has previously come up with this 
answer, which is very definite evidence of 
the novelty of the present suggestion. 

The experimental data should be con- 
sidered illustrative rather than significant 


Table |. 3-Phase A-C Resistance Measurements 1,500,000 Circular Mil Conductors in Steel 
Pipe 
Measured Resistance, microhms Measured Reactance,* microhms 
Current Phase Phase 
Load A B c Average A B Cc Average 
PEON eles + 200.1... 260.4..... 260) Uses 260.2 
OS GO oicin sie BPRS an ciclo 463.0% on BOLD shite te srs OO ersten COD curece LOS necarere 1,633 
Average ratio Ryc/Rpc = 1.353 (151)** ((450)** (691:)** 
Reversed Phase Rotation 
Os) i ee 262, 0-20 vs 263.3....-. 262.4..... 262.8 
SO clslsi> os. DEAD seine SIAL OR ess. 35050 5 seater 356.6..... WALA aise 1,664..... 1 827s 1,636 
te ratio R4c/Rpc =1.357 (C79) SS CAG) (433)** 
Average of Two Phase Rotations 
| 0 OGLA rs «= 261i Orin 261. Siiwert 261.5 
MACC  . se Zod Orvisse. 398.6..... B07 20 toxee 354.4..... 1405.5. 05- L728 senate UT OB8% 1,634 


Average ratio R4c/Rpc =1.355 


* To neutral, 
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** Error terms computed on bases proposed by the authors of the paper. 
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evidence of the accuracy of the method. 
For the experiments to constitute convinc- 
ing proof of the theorem would require 
greater accuracy than is indicated by the test 
data and would require that the measure- 
ments be made on circuits in which the 
reactance considerably exceeds the resist- 
ance, instead of being considerably smaller. 
However, the authors’ theorem does not re- 
quire the evidence of experimental methods 
and can stand on purely analytical or 
theoretical considerations. 

The significance of this determination of 
power from the individual phases may 
easily be confused. Thus, if ‘‘A’’ be deter- 
mined as the power supplied by phase A, 
that is not necessarily the power converted 
into heat in conductor A. The measure- 
ment ‘‘A”’ includes all of the losses produced 
as a result of the current in A, that is, it in- 
cludes the skin effect loss in conductor A 
and also includes proximity losses in con- 
ductors B and C as well as in neighboring 
conducting materials due to the current in A. 

A further significant point brought out by 
the authors is that the losses in the individ- 
ual phases are determinable by the method 
of reversing phase rotation even if the cur- 
rents in the three conductors are unbalanced. 
We must add that the proportion of positive 
to negative sequence current must be the 
same in both measurements. 

The method has theoretical possibilities 
in the measurement of 3-phase dielectric 
losses. It would be useful for someone to 
develop the practical possibilities of this. 


L. W. Matsch, N. C. Basu, and G. R. 
Horcher: The interesting discussions by 
Mr. Salter and Mr. Atkinson are appreci- 
ated. 

The purpose of the paper was to present 
an analysis of the effect of unsymmetrical 
spacing of conductors on the measured 
values of a-c resistance of the individual 
conductors in a 3-conductor system, using 
3-phase current. As Mr. Salter suggests in 
his discussion, the method does not account 
for errors in the case of cables enclosed in 
pipe, the losses of which are reflected into 
the measured conductor resistance. 

The paper enumerates several causes of 
inequality in conductor resistance, but 
treats only one of them, namely, unbalanced 
inductive reactance resulting from unsym- 
metrical spacing of conductors. 

Mr. Salter’s quotations from the paper 
regarding the validity of averaging the re- 
sistance of the three conductors deserves 
comment. Inequalities in conductor resist- 
ance may result from a number of factors: 
among them, conductors of different size or 
material, or identical conductors operating 
at different temperatures. In such cases, 
inequalities in resistance would exist in both 
the d-c and a-c values of resistance. How- 
ever, identical conductors carrying equal 
currents at equal temperatures with the 
same current distribution in each will have 
equal heat losses regardless of inequalities 
in 3-phase resistance measurements. Under 
these conditions the average value is valid. 
Practical considerations warrant this proce- 
dure in the case of a system of three conduc- 
tors in an iron pipe. 

Mr. Salter’s data are interesting. But 
the inequalities in measured resistance in 
those data include the effects of losses in the 
surrounding pipe and therefore are not 
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solely due to unbalanced inductive react- 
ance, although large unbalances in induc- 
tive reactance are shown in his table. Ob- 
viously, error terms, based solely on unbal- 
anced inductive reactance, cannot correct 
for losses which occur in the surrounding 
pipe. Mr. Atkinson raises several interesting 
points. We do not agree with his comments 


regarding the significance of the experimen- 
tal data. We consider the results shown in 
Table 1 of our paper significant evidence of 
the accuracy of the method. These results 
are supported by applying the error terms, 
computed from the values of reactance, to 
the values of resistance measured with cur- 
rents of one phase sequence only. 


“y 
vv 


7) 
We agree with Mr. Atkinson’s comments 


; 


regarding skin effect and proximity effects — 


and with his comments on unbalanced cur- 
rent. 

One of the authors, L. W. Matsch, has 
used this method in 3-phase dielectric power 
factor measurements of 3-conductor belted- 
type cable. 


rr 


An Electronic Time Division Multiplex 
Telegraph Set 


T. A. HANSEN 


NONMEMBER AIEE 


Synopsis: The telegraph terminal set de- 
scribed forms an integral part of a time 
division multiplex system wherein two, 
three, or four channels are combined for 
transmission Over a common communica- 
tion circuit of minimum band _ width. 
Channel inputs and outputs are on a start- 
stop printing telegraph basis for flexibility 
in connecting to existing conventional start- 
stop systems. The equipment is packaged 
in stich a manner that all components are 
readily accessible for maintenance during 
normal operation without interrupting the 
flow of traffic. 


HE use of time division multiplex 

equipment in commercial telegraph 
service originated shortly after the turn of 
the century. One type of electrome- 
chanical multiplex equipment which first 
was manufactured about 30 years ago is 
shown in Figure 1. These and other types 
of early multiplexes were characterized 
by the use of motor-driven distributors 
in which the elements of the signal trans- 
mitted were initiated either through the 
motion of brushes across a segmented 
commutator or through the sequential 
closing of contacts. The detection of such 
signals at receiving terminals was accom- 
plished by similar apparatus. Elec- 
trically driven tuning forks were used to 
control directly the speeds of both the 
sending and the receiving distributors. 
The perforated-tape sensing transmitters 
and the receiving printers which ter- 
minated the individual traffic channels 
usually were located close by the set be- 


Paper 51-60, recommended by the AIEE Tele- 
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tion at the AIEE Winter General Meeting, New 
York, N. Y., January 22-26, 1951. Manuscript 
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printing December 7, 1950. ¢ 
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cause of the large number of intercon- 
necting circuits required. 

Converters or ‘‘extensors’ later were 
developed which permitted the channels 
of the synchronous multiplex system to be 
connected directly to start-stop telegraph 
equipment which had come into general 
use, and around which extensive tele- 
graph systems had been organized. Such 
start-stop equipment then could be 
located at the sources of traffic at more 
distant points, so that individual mes- 
sages did not require manual handling or 
“relaying,” or storage in perforated-tape 
form. 

Electromechanical multiplex systems 
also were adapted to use on radio-tele- 
graph circuits”? where the multiplexing of 
channels served both to increase the 
traffic capacity of the individual circuits 
and to reduce the crowding of the radio 
spectrum through more efficient use of 
band space.4 The success of these ap- 
plications tended to stimulate interest in 
the use of multiplex techniques, particu- 
larly in view of the development of fre- 
quency shift keying for radio transmit- 
ters’ and of improved radio receiving 
systems. 

With this increased interest came the 
problem of the manufacture of additional 


Figure 1.  Electro- 
mechanical — multi- 
plex terminal set 
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multiplex equipments. Existing designs 
could have been used without changes, 
the equipment could have been redesigned 
utilizing the same basic principles, or an 
entirely new approach could be at- 
tempted. 
multiplex systems always had presented 


Since the electromechanical — 


such problems as high maintenance ex- — 


pense, difficulty in phasing, low order of 
frequency stability, and susceptibility to 
loss of phase during adverse signaling 
conditions, it was concluded that the new 
approach should be undertaken to over- 
come these disadvantages. Also, ad- 
vances made in the electronic art during 
World War II and the training of large 
numbers of personnel as technicians in 
the electronic field indicated that the ap- 
plication of electronic principles to the de- 
sign of multiplex telegraph equipment 
should provide natural solutions to many 
of the old problems. 

Information available had indicated 
that the tuning forks used in the mechani- 
cal system could be replaced with more 
accurate frequency standards, such as 
crystal-controlled oscillator —_ driving 
sources, in order to obtain greater sta- 
bility. Extensive laboratory studies also 
indicated that multiplex telegraph signals 
could be generated and detected readily 
by electronic commutating circuits, and 
that these circuits could be arranged so 
that the number of channels available 
could be changed at will. Need for such 


flexibility had been demonstrated many 
times on landline and radio circuits when 
signaling conditions became such as to 
reduce greatly the margins of operation. 
By cutting off one or two channels, the 
remaining channels could be operated 
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telegraph 


Figure 2 Electronic multiplex 
terminal set 


successfully because the individual code 
elements were allowed a greater time 
duration and thus became less susceptible 
to distortion. 


The Electronic Multiplex System 


The newly developed electronic multi- 
plex telegraph terminal set is shown in 
Figure 2. The cabinet on the left con- 
tains the transmitting equipment, while 
that on the right houses the receiving 
equipment. The terminal set, when pro- 
vided with the appropriate start-stop 
printing telegraph transmitting and re- 
ceiving apparatus and connected to 
similar multiplex and start-stop apparatus 
located at the distant end of a telegraph 
circuit, provides either two, three, or 
four 2-way start-stop channels of com- 
munication. The equipment may be 
used on either landline or radio circuits, 
the following description being based on 
the latter connection. Since conventional 
start-stop Teletype apparatus operates 
at either 60 or 75 words (consisting of five 
characters and one space) per minute, the 
multiplex set is readily adaptable to 
either speed at the time of installation. 

Figure 3 is a block diagram showing the 
composition of an electronic multiplex set. 
The transmitting equipment group and 
the associated receiving equipment group 
at a typical terminal are shown. At the 
left, Teletype transmitters are shown 
which deliver start-stop signals to in- 
dividual transmitting group telegraph 
code converters on the four channels des- 
fenated “A,” “B,” “C,” and “D.” The 
start-stop transmitters are of the “‘free’’ 
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type and may be either tape-sensing 
transmitters or printer keyboards. Their 
operation should be distinguished from 
that of the so-called ‘“‘captive’’ type start- 
stop or multiwire transmitters, which re- 
quire synchronization or ‘‘trip-off’’ from 
the multiplex distributor, as used in some 
earlier multiplex systems. Within the 
individual converters the signals are de- 
tected, the start-and-stop elements are 
deleted, and the remaining code combina- 
tions are stored for an instant. These 
code signals then are applied to the elec- 
tronic transmitting signal distributor, 
which senses or sweeps over the outputs 
of the code converters in successive order, 
picking up a complete character signal in 
turn from each converter. The multi- 
plex signal so generated then is amplified 
and applied to the control-monitor unit, 
where it is amplified further and coupled 
to the telegraph transmitting circuit. 


TRANSMITTING 
GROUP 


Figure 3. Sim- A 
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TO ABOVE UNITS 


The path of progression through the set 
for “‘A”’ channel signals is indicated by the 
heavy lines in the figure. The signal dis- 
tributor drive unit contains the crystal 
oscillator and other circuits which pro- 
vide the signaling impulses for stepping 
the distributor unit. The control-monitor 
unit also acts as a switching center for 
various circuits which may be selected for 
attachment to an oscilloscope for monitor- 
ing purposes. 

Multiplex telegraph signals received 
from a distant transmitter over the tele- 
graph circuit are applied to the control- 
monitor unit in the receiving group at the 
right. There they are amplified and then 
passed to the receiving signal distributor, 
which samples the individual code ele- 
ments, recognizes their character, and 
passes them on to the various receiving 
telegraph code converters. Within the 
converter the code elements are stored, 
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the start-and-stop elements are formed, 
and the regenerated start-stop signal 
thus developed is transmitted to the 
Teletype start-stop receivers. As in the 
sending group, the signal distributor 
drive unit energizes the receiving dis- 
tributor. Since the distributor in this 
case must operate in synchronism with 
the signals received over the multiplex 
circuit, a connection which provides 
drive frequency correcting signals also is 
made from the control-monitor unit. 

Two circuits also are shown intercon- 
necting the transmitting and receiving 
groups at the terminal station. The 
dotted circuit indicates a temporary con- 
nection which may be made instantly at 
the will of the maintenance technician or 
supervisor. This connection causes the 
multiplex output signals from the trans- 
mitting group to be applied directly to the 
local receiving group, and thus permits the 
testing of the set on a local basis when 
making adjustments or in case of trouble. 
The solid circuit indicates the connection 
of a detection system which continuously 
retransmits a telegraph circuit continuity 
testing signal, which will be described 
more fully later. 


The Multiplex Transmitting Group 


The units of the transmitting group of 
the electronic multiplex occupy the same 
physical positions as in the block diagram 
discussed previously. A block diagram of 
the general circuits included in one chan- 
nel converter and the multiplex distrib- 
utor unit is shown in Figure 4. It should 
be understood that the converters‘on each 
of the other channels are duplicates of 


356 


this one, and that the output signals of 
the other converters are applied to the 
distributor during those portions of the 
multiplex cycle wherein the converter 
shown is preparing to deliver a new signal 
to the distributor. 


The Transmitting Code Converter 


Signals received from the start-stop 
transmitter are applied to a line relay cir- 
cuit consisting of a magnetically con- 
trolled diode tube (General Electric type 
2B23). Since this tube is the equivalent 
of a conventional neutral relay, it permits 
d-c isolation between the start-stop cir- 
cuit and the multiplex equipment. Ad- 
vantages of the magnetic diode are that it 
requires no maintenance, has very high 
operating speed, and introduces no bias 
in the output signal, such as might be 
caused by relay contacts in transit. 

Each start-stop signal, in activating 
the line relay tube, causes a start control 
circuit to energize a start-stop distributor 
after a delay approximately equal to one- 
half of a basic signal element. The start 
control circuit is a conventional mono- 
stable (or ‘“‘one-shot”) multivibrator—a 
type of circuit extensively used in the 
electronic multiplex and herein designated 
a “univibrator” for brevity. The start- 
stop distributor itself consists of a series 
of hot cathode gas tubes connected in a 
chain-type counter circuit. It operates 
only while the start-stop signals are being 
received, coming to rest during the stop or 
“rest” intervals of such signals. Gas 
tubes are used because they operate in 
low impedance circuits, and output signals 
consisting of positive potentials may be 
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taken directly from across grounded _re- 
sistors in their cathode circuits. 

Each time one of the gas distributor 
tubes fires it momentarily energizes one 
of the code element selector tubes (also of 
the gas type) to which the line relay cir- 
cuit meanwhile bas been applying a 
priming potential in accordance with the 
polarity of the received line signal. The 
sampling of each line signal code element 
is set to occur near the normal center of 
the element. This timing is adjustable 
for the entire start-stop signal sequence by 
controlling the amount of delay measured 
by the start control circuit, which thus in 
effect provides a “‘ranging”’ facility. The 
start-stop distributor itself is driven from 
a circuit which is energized by a resistance- 
capacitance oscillator which is turned off 
while the start-stop distributor is at rest. 
The oscillator starts and stops without 
transients and drives a triggering limiting 
amplifier’ which provides precisely spaced 
impulses for the advancement of the 
start-stop distributor. It should be men- 
tioned here that the various gas selector 
tubes are released during the “‘start” in- 
terval of each new code sequence through 
the action of a cathode-follower selector 
release circuit, which normally supplies 
steady plate potential to the selector 
tubes. 

Since the incoming start-stop signals 
arrive at random intervals while the 
multiplex distributor is cycling continu- 
ously, means must be provided for hold- 
ing the selected signals in storage until 
they have been retransmitted in multi- 


plex signal form. Therefore a second ~ 


group of gas storage tubes is provided, 
being jointly controlled by the selector 
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tubes and the multiplex distributor. A 
transfer control circuit, which is prepared 
for operation at the instant a new start- 
stop signal begins to arrive, is energized 
from the multiplex distributor and causes 
the storage tubes to be fired in the same 
code pattern as the selector tubes. This 
transfer must be completed before the 
selector Telease circuit extinguishes the 
selector tubes at the beginning of the next 
start-stop cycle, and must cause the 
storage tubes to be established in their 
new conditions before the multiplex dis- 
tributor reads the combination in forming 
the multiplex signal. The code combina- 
tion is applied directly to matrix tube 
circuits in the distributor unit, where the 
distributing circuits scan the elements in 
sequence. Immediately after the code 
signals have been used, the distributor 
furnishes a signal to a cathode-follower 
storage tube releasing circuit which causes 
the storage tubes to be extinguished, pre- 
paring the way for a new transfer to be 
made. 

Earlier multiplex systems blocked the 
code signal “‘blank”’ or all-spacing signal 
condition from operating the receiving 
telegraph printers so that the latter could 
be allowed to rest when the channel was 
idle. The electronic multiplex provides a 
means for distinguishing between code 
blanks which occur when the channel is 
idle and code blanks which should be 
transmitted over the channel and de- 
livered to the distant receiving circuit be- 
cause they were among the start-stop 
signals received from the originating 
transmitters. The latter blanks now are 
being included as bona fide characters in 
the start-stop codes used with various 
types of Teletype apparatus. To take 
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care of this situation, a sixth element has 
been added to the multiplex channel code. 
This element is made marking for each 
character combination received from the 
start-stop circuit and will be so detected 
at the receiving terminal. To supply the 
element, a sixth code storage tube in the 
converter is energized by the transfer 
control circuit. Thus, only when the 
channel is truly idle will an all-spacing 
combination be transmitted, and this will 
cause a steady marking ‘‘rest’’ pulse to be 
delivered to the receiving Teletype 
printer. 

Should it not be necessary to recon- 
stitute the start-stop code blank signal, 
the sixth code element may be used for an 
alternate purpose. For example, a con- 
trol circuit may be energized from ex- 
ternal means, causing the transmission 
of either a continuously marking or 
spacing sixth element. This signal then 
may be used for slow-speed supervisory 
signaling or for operating at the receiving 
station a relay which permits the regen- 
erated start-stop signals to be delivered 
to either of two receiving circuits. 


The Transmitting Signal Distributor 
Unit 


As has been mentioned, the code signals 
received from the telegraph code con- 
verters are applied to the distributor 
matrix tube circuits. These matrices are 
gated or keyed as follows: (a) in channel 
order through individual keying circuits 
which are energized from a channel- 
switching distributor circuit and (b) in 
elemental order from an impulse dis- 
tributor. Each distributor consists of a 
ring of gas tubes. The impulse distributor 
is driven by impulses received from the 
drive unit and provides a signal once per 
complete cycle of operation for advancing 
the channel distributor. The former thus 
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or 


marks off the individual bands or elements 
of the multiplex signal, while the latter 
controls the times of transmission from 
the individual channels. A channel con- 
trol switch attached to the channel dis- 
tributor permits the by-passing of one or 
two of the channel distributor tubes, 
thereby allowing the number of channels 
in use to be reduced to three, or even two, 
as traffic or radio signaling conditions 
warrant. Each distributor ring is pro- 
vided with an automatic starting circuit 
which catises one gas tube to become 
fired at the time the unit first is ener- 
gized. 

The simultaneous application of signals 
from the impulse distributor, from the 
channel distributor via the keying cir- 
cuits, and from the converters causes the 
generation of the multiplex signal. Some 
of the elements of this signal are reversed 
here, ‘‘mark”’ for ‘‘space’’ and vice versa, 
so that when all channels are idle, some 
marking elements or “‘reversals’’ will be 
transmitted. Such reversals control the 
maintenance of synchronism between the 
transmitting and receiving equipments 
during sustained no-traffic periods. 

The gated output signals are combined 
and applied to a limiting amplifier mixing 
circuit which shapes the individual signal 
elements. The signals then are amplified 
further and applied to the control-moni- 
tor unit for coupling to radio circuit. 


The Signal Distributor Drive Unit 


The circuits contained in the drive 
unit and the control-monitor unit are 
shown in Figure 5. The basic frequency 
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standard for the electronic multiplex is 
the crystal-controlled oscillator in the 
drive unit. This crystal operates at a fre- 
quency of 101.25 ke and is enclosed in a 
temperature-stabilized oven so that fre- 
quency drift is at a minimum. The high 
frequency is divided down through a 
number of controlled inductance-capaci- 
tance oscillator stages’ to the fundamental 
frequencies required for 3- or 4-channel 
operation. The proper lower frequency 
is selected by a channel control switch 
which must be maintained in the same 
position as the corresponding switch in 
the transmitting distributor unit. The 
output frequency is amplified, squared, 
differentiated, and further amplified be- 
fore application to the transmitting signal 
distributor circuits. The output signals 
for 2-channel operation are obtained from 
a conventional Eccles-Jordan 
divider following the squaring of the 4- 
channel frequency. The binary divider 


binary 


output signals then are applied to the 
differentiating stage, following which the 
further amplification is obtained. 


The Transmitting Control-Monitor 
Unit 


The multiplex telegraph signals gen- 
erated in the transmitting signal dis- 
tributor unit are passed through an input 
selector switch to the various amplifiers 
located in the control-monitor unit. The 
latter are designed to supply up to 0.060 
ampere neutral telegraph signals at 120 
volts to the output circuit. The input 
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switch also permits connection to sources 
of other signals which may be required 
when lining up a telegraph circuit. For 
example, the ‘Morse’ amplifier permits 
transmission of d-c impulses controlled by 
a Morse key which is externally con- 
nected to the set. Again, a connection 
may be made to a generator of alternate 
mark and space element signals. The 
resultant so-called ‘“‘AC” signal then 
may be used in correcting for bias in 
the telegraph circuit. 

Since some telegraph circuits may have 
their own battery source, provision 1s 
made either to supply battery from within 
the transmitting group or to accept that 
battery from the other source. An out- 
put switch permits connection to three 
different circuits at the choice of the 
operator. The normal connection is to 
the regular telegraph circuit, while an 
alternate connection may be made to a 
spare telegraph circuit which can be made 
ready and placed on stand-by until re- 
quired. The third or local connection 
permits direct transmission from the 
transmitting group to the adjacent re- 
ceiving group, as was mentioned pre- 
viously. 


The Multiplex Receiving Group 


Comparable units of the receiving 
group in the electronic multiplex terminal 
set are located in levels similar to those in 
the transmitting group and as shown in 
Figure 3. 


The Receiving Control-Monitor Unit 
The circuits in the receiving control- 
monitor and drive units are shown in 


block form in Figure 6. An input switch 
which corresponds to the output switch 


of the transmitting group control-monitor 
unit allows attachment to the three cir- 
cuits which correspond to those in the 
transmitting unit. Received electronic 
multiplex signals first are applied to a 
magnetic diode line relay in the control- 
monitor unit and then are amplified in 
several stages. Finally they are applied 
through an output selecting switch to the 
matrix tube circuits of the receiving signal 
distributor unit. The amplified signals 
also are differentiated and the pulses ob- 
tained therefrom then are amplified 
through a correction pulse generator cir- 
cuit. These impulses energize crystal 
frequency-controlling circuits in the drive 
unit. 

The output switch in the receiving 
control-monitor unit also permits re- 
versal of the telegraph signals in case they 
have become ‘‘turned over’’ during trans- 
mission. The switch also may cut off the 
signals delivered to the distributor unit 
and instead cause them to drive a Morse 
amplifier circuit. The latter circuit 
energizes a loud-speaker (contained in the 
unit) with an on-off tone. This tone is de- 
rived from one of the intermediate fre- 
quency-dividing stages in the drive unit. 
The tone-modulated signals are available 
for emergency use during periods of radio 
circuit line-up or in the event of an equip- 
ment failure which could stop channel 
communication. It should be recognized 
that these Morse signals will be those 
generated at the transmitting terminal by 
the hand key mentioned in a preceding 


paragraph. 
The Signal Distributor Drive Unit 


The greater portion of the drive unit 
circuits are identical with those in the 
corresponding transmitting unit, includ- 
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ing the crystal oscillator, the frequency 
dividers, and the switching and amplifier 
circuits. The multiplex phase-correcting 
circuits have been added. These consist 
of gate circuits which compare the ar- 
rival time of the received multiplex signal 
transitions with their theoretically cor- 
rect positions as determined by the locally 
generated signals which drive the re- 
ceiving distributor. These circuits de- 
velop a bias potential across an integrat- 
ing circuit in accordance with the signal 
displacement. The variations in bias 
then cause the reactance tube to change 
the crystal frequency slightly in a direc- 
tion which tends to bring about the 
proper phase relationship. If no multiplex 
signal transitions are being received, the 
bias potential assumes a controlled aver- 
age value which causes the frequency to 
be almost identical with that developed 
in the transmitting group drive unit at 
the distant terminal set. 
(( 
The Receiving Signal Distributor 
Unit 


Figure 7 is a block diagram of the cir- 
cuits included in the receiving distributor 
and converter units. Many of the general 
circuits in the distributor are similar to 
those in the corresponding transmitting 
unit. Impulse and channel distributors, 
with their appropriate driving circuits 
are provided. A change is made in the 
“manner in which the impulse distributor 
energizes the channel distributor, a slight 
_ delay being provided through the use of a 


__univibrator, which operatés at the instant 


_ the last received code element of a par- 
ticular channel is being sampled. This 
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causes the matrix tube circuits for the 
next channel to be prepared for operation 
well before the impulse distributor begins 
to detect the code elements belonging to 
that channel. 

Phasing switches are provided in the 
driving circuits to the distributors, each 
switch supplying an additional untimed 
distributor-driving impulse whenever 
operated. Each such operation will cause 
the distributor timing to be advanced by 
an extra element or channel, such as may 
be required in order to establish the 
proper phase relationship with received 
signals, This action normally is required 
when starting up a multiplex circuit. It 
should be recalled that the corrector cir- 
cuits in the receiving drive unit estab- 
lish the proper time of sampling within 
the individual signal elements. It very 
rarely is necessary to operate the phasing 
switches once a circuit has been placed in 
operation, since the high stabilities of the 
crystal oscillators permit only a very slow 
drift in phase relationship to occur. It is 
possible for the radio-telegraph circuit to 
fail for a period as long as an hour and for 
the distributors still to be operating in 
phase synchronism when the circuit is 
restored. 

The multiplex signal-detecting circuits 
are contained in the matrices which again 
are in channel groups. The individual 
matrix tubes are primed both by the 
channel distributor signals and by the 
amplified multiplex signals received from 
the control-monitor unit. As the im- 
pulse distributor operates, the matrix 
tubes are gated in sequential order, caus- 
ing the marking or spacing selections to 
be made. Each marking selection is de- 
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noted by the production of a positive 
impulse, which is used to fire a corre- 
sponding gas selector tube in the receiving 
converter. 


The Receiving Code Converter 


As in the transmitting group, the re- 
ceiving code converters are identical, only 
one being shown. In each, the gas selector 
tubes store the code signals while the 
start-stop signal is being regenerated. 
The first marking selection in any par- 
ticular code group conditions a start con- 
trol circuit. When all the selections in 
the group have been completed, the 
multiplex distributor unit supplies a 
signal which causes the start-stop dis- 
tributor in the converter to begin cycling. 
The latter distributor and its driving 
circuits are identical with the same cir- 
cuits in the transmitting group code con- 
verter. The start-stop distributor causes 
the gating of a group of matrix tubes 
which are also controlled from the selector 
tube circuits. Within the matrix, first 
the ‘‘start’’ and then the various “‘code”’ 
elements of the start-stop signal are 
formed. This signal is amplified by a 
mixer tube and applied to an isolating 
output line relay of the mercury contact 
type. This particular relay (Western 
Electric type 275B) is used because it 
has high resistance to contact erosion, 
which always is a problem when driving 
inductive printer magnet circuits. In- 
cidentally, the relay contacts are the only 
moving parts contained in the operating 
equipment of the electronic multiplex. 

The function of the sixth pulse control 
circuit was discussed previously when the 
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transmitting converter unit was being 
described. In the receiving converter 
unit, a continuous sequence of received 
marking or spacing sixth code elements 
may be detected in an integrating cir- 
cuit, causing a relay either to be operated 
or to be released. The relay then may be 
connected to an external circuit for super- 
visory signaling or switching of printer 
circuits. 


Cabinet Arrangements 


Some of the many features of the me- 
chanical designs of the electronic multiplex 
cabinets may be seen in Figure 8. Each 
unit, except the very heavy power unit, 
is mounted within a sliding-drawer-type 
cradle assembly. In the closed position 
the drawers are fastened in place by 
quarter-turn-type fasteners. When re- 
leased, they slide outward to an extreme 
position, where they may be latched in 
place. 

When in the withdrawn position the 
cradles may be tilted upward until their 
bottom sides are exposed for maintenance 
purposes. Another latch fastens the 
cradle in either the tilted or the untilted 
position. A bottom plate, to one side of 
which a circuit diagram is attached, is 
provided for each individual chassis. This 
plate has been removed from the chassis 
shown in the tilted position. These plates 
also are attached with quarter-turn 
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fasteners so that they may be removed 
quickly in case of trouble. 

Flexible interconnecting cables are pro- 
vided for each individual unit, so that the 
unit may continue in operation even when 
pulled out and tilted. The mercury con- 
tact output relay used with each re- 
ceiving converter unit must not be tilted 
from its normal vertical position and 
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therefore has been mounted on thé non- 
tilting portion of the slide assembly. 

Since several hundred watts are dis- 
sipated by the electronic components in 
the multiplex, forced ventilation has been 
provided through the use of blowers. 
Two intake blowers, with filters, and one 
exhaust blower are used, giving a pres- 
surized effect and preventing the infiltra- _ 
tion of dirt through other small cabinet 
openings. 


The Circuit Continuity Detection 
System 


This system was mentioned previously, 
and the circuit continuity control blocks 
may have been noticed in Figures 5 and 6. 
This circuit is used in monitoring the 
operation of the radio-telegraph loop that 
interconnects the two terminals. When 
once set up, at the terminal being de- 
scribed, for example, it causes the con- 
tinuous transmission of a particular signal 
condition on the sixth element of the “A” 
channel. At the distant receiving multi- 
plex terminal the signal is detected in the 
receiving distributor matrix circuit and 
applied to an integrating circuit in the 
control-monitor unit. The continuation 
of a signal condition, whether marking or 
spacing, causes a relay to operate or re- 


Figure 9. Typical electronic multiplex radio 
telegraph system 
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lease, sending a signal over a local con- 
nection to the adjacent telegraph trans- 
mitting group control-monitor unit. This 
causes the retransmission of the signal 
condition, again on the sixth element of 
the “A” channel. Back at the originating 
station the signal is detected and again 
retransmitted in a process that continues 
as long as both of the telegraph circuits 
are operating properly. The normal 
transmitted signal is a marking element. 
if a spacing element should be set up or 
either radio circuit should fail, the element 
will not be received. The circuit con- 
tinuity detectors will note the change 
after a short time and will operate alarm 
signals at both stations, notifying main- 
tenance and traffic personnel to take 
proper action. 

Manual controls are used in estab- 
lishing the original normal signaling con- 
dition of thealarmcircuit. These switches 
also can be used to send slow-speed Morse 
or supervisory code signals when the 
radio circuits are intact. The alarm 
signal which is produced at each terminal 
consists of the on-off tone which energizes 
the loud-speaker. 


System Applications 


Figure 9 is a block diagram of a typical 
multiplex radio-telegraph system con- 
sisting of two send-receive multiplex ter- 
minal sets, associated radio transmitting 
and receiving equipments, and various 
methods of using start-stop telegraph 
circuit extensions. 

On the “A” channel, the start-stop 
equipment at each terminal consists of a 
conventional send-receive printer, the 
keyboards being attached to the trans- 
mitting converters, while the printing 
units are connected to the receiving con- 
verters. This channel may be used for the 
transmission of general messages and 

miscellaneous routine traffic. It will not 
handle start-stop ‘“‘blanks’’ since the 
facility for distinguishing between “‘blank”’ 
and “idle” is used for another purpose. 

On the ‘‘B”’ channel, in the west to east 
direction a single-tape transmitter which 
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sends traffic destined for two separate 
receiving circuits is used. The sixth pulse 
signal control circuit provides for the 
switching required at the receiving ter- 
minal. Again the sixth element has been 
diverted so that start-stop code blanks are 
not distinguishable from the idle channel 
condition. In the east to west direction a 
conventional tape-sensing transmitter- 
distributor sends traffic destined for a 
single receiving printer. 

On the ‘“‘C”’ channel, extensions to long 
duplex wire circuits are shown at both 
terminals, indicating how the multiplex 
equipment may be interconnected with 
existing start-stop systems. Long radio- 
Teletype extensions also may be used, as 
long as distortion due to transmission over 
such circuits remains within normal 
limits. 

Interconnection to a channel of another 
electronic multiplex system designated 
the “north-south” circuit is indicated on 
the ‘“‘D”’ channel at the west terminal. 
The placement of monitoring printers at 
this terminal on both the sending and the 
receiving sides also is indicated. At the 
east terminal, the conventional trans- 
mitting distributor and receiving printer 
terminate the circuits. 

A number of sets have been carrying 
regular traffic in government service 
on high-frequency radio circuits for 
nearly a year on 24-hour schedules, with 
channels connected in various manners 
as described in the preceding paragraphs. 
Field reports indicate outstanding per- 
formance from an operating and main- 
tenance standpoint. Operation on low- 
frequency radio circuits now is being 
considered. 

In summarizing, it may be pointed out 
that the Teletype electronic multiplex 
described provides a compact, self-con- 
tained, packaged set, involving a mini- 
mum amount of equipment and prac- 
tically no moving parts. It is exceedingly 
stable, flexible, and automatic in its 
operation and may be used with almost 
any type of communication circuit ca- 
pable of handling the multiplex signaling 
frequencies. It may be set for operation 


at channel speeds of either 60 or 75 words 
per minute, providing up to four 2-way 
start-stop channels. The electronic mul- 
tiplex fits readily into existing start-stop 
printing telegraph systems. 
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Discussion 


Lloyd Espenschied (Bell Telephone Labora- 
tories, New York, N. Y.): A historic touch 
and query may be pertinent. 

The time-division multiplex originated in 
the 1850’s in the fertile mind of a brilliant 
Yankee inventor whose name deserves to be 
known, Moses G. Farmer, born in Maine. 

Frequency-division multiplex followed in 
the 1870’s, having grown out of electro- 
acoustics, out of the electrically driven tun- 
ing-fork oscillators and resonators of Helm- 
holtz, the same technological origin as the 
telephone. 

Today we enjoy the greatly improved 
electronic versions of these two types of 
multiplex, and there arises all the more the 
question of which of the two types is 
preferable. 

They are broadly equivalent, alternative 
methods. The difference between them is 
secondary and dependent upon the particu- 
lar circumstauces of use, that is, the charac- 
teristics of the transmission system and 
signals conveyed. 
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Four- or Two-Channel Time-Division- 


Multiplex Telegraph System for Long- 
Distance Radio Circuits 


W. C. PETERMAN 


MEMBER AIEE 


HE increased reliability of frequency 

shift transmission has made the use of 
time division multiplex systems feasible 
on long radio circuits. Time division 
multiplex provides a means, economical 
of the frequency spectrum, to handle 
traffic which is too great for one printer 
channel or that originates from or is des- 
tined to different places. A 4-channel 
multiplex system at a speed of 50 words 
per minute per channel, using the 5-unit 
Baudot code, has a unit pulse length of 
0.010 second, which normally provides 
sufficient margin against signal shift due 
to radio multipath effects or other causes. 

A combination electronic and electro- 
mechanical system was chosen for re- 
liability and simplicity of maintenance. 
At the sending end, the electromechanical 
distributor provides a simple means of 
interleaving the signals for the various 
channels. It also provides a means for 
extending a channel on a start-stop- 
printer basis without the use of individual 
electromechanical translating devices, to 
a branch office so located that clutch 
pulses can be sent to it economically. Al- 
ternatively, a multiplex extensor may be 
used for more distant branch off ces. 

Any inaccuracies of signals from the 
sending distributor are eliminated by 
passing them through a simple electronic 
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regenerator. Where the multiplex signals 
are passed over a keyed tone channel be- 
tween the multiplex terminal and the 
radio transmitter, the sending-end re- 
generator makes possible the synchroniza- 
tion of the tone-channel carrier to the 
multiplex baud speed, which practically 
eliminates carrier distortion. The send- 
ing-end regenerator also makes it possible 
to send manual morse signals without 
disturbing the synchronism of the multi- 
plex receiving regenerator, as all morse 
signals begin and end at the same time 
that multiplex signals would begin and 
end. The resultant distortion 
small to be noticeable to the ear. 

At the receiving end, the signals are 
regenerated electronically with greater 
precision and reliability than by prior 
methods using electromechanical relays 
in conjunction with a rotary distributor. 
An automatic margin indicator provides 
one kind of indication if the margin falls 
below 40 per cent and another kind if be- 
low 20 per cent. 

After regeneration, the signals are dis- 
tributed very simply by an electrome- 
chanical distributor whose brushes do not 
require great contacting precision for this 
function. The use of an electromechani- 
cal distributor also provides a simple 
means of applying a modified Verdan 
scheme for error detection and permits 
monitoring of the channel signals just as 


they are leaving the distributor face 
plate. 


is too 


The Verdan scheme of error detection 
is based on sending each character twice 
and comparing the received combinations. 
If they are the same, it is assumed that no 
error has occurred as the probability of an 
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identical error occurring in two receptions 


ee re 


+4 


ae 


ray 


| 


of the same combination is very remote. i 


If they differ, an error has occurred in one 
of the transmissions and an indication is 


made on the copy by printing a question — 


mark. This scheme cuts the traffic 


capacity in half, which is equivalent to ; 
However, as the © 


using a 10-unit code. 


error-indicating equipment can be cut in — 


or out quickly, it need be used only when 


the automatic margin indicator shows — 
that the margin of regeneration is low. — 


Thus, if 40 per cent of the traffic is 
handled with error indication, the average 
length of the code would be seven units. 
If only 30 per cent is handled with error 
indication, the average length of code 
would be 6.5 units. 


Apparatus 


SENDING END 


The four channels are normally oper- 


ated from standard sending operating — 


tables equipped with multiplex perfora- 
tors and multiplex transmitters. The 
distributing, translating, monitoring, re- 
generating, and general operating equip- 
ment is located on the sending distributor 
rack shown in Figure 1. The distributor 
has six pairs of rings and is driven by a 
phonic motor at a speed of 300 revolutions 
per minute from an electronically driven 
200-cycle-per-second fork. 


RECEIVING END 


Reception is normally on four standard 
receiving operating tables equipped with 
start-stop printers and facilities for ex- 
tending their respective channels through 
them to branch offices, 


Regenerating and synchronizing equip- — 


ment is mounted on the regenerator rack 
of Figure 2. It includes a 200-cycle-per- 
second fork, similar to the one in the 
sending distributor rack. | 

Distributing and monitoring equipment 
is located on the receiving distributor 
rack, which may be seen in Figure 3. 
The distributor is the same as the one 
used on the sending distributor rack and 
is driven from the fork on the regenerator 
rack. 


Error-indicating equipment and chan- 


AIEE TRANSACTIONS 


nel-extension apparatus are mounted on 
the error-indicator rack 
Figure 4. 


displayed in 


Sending-End Circuit 


GENERAL 


The sending-end circuits are shown in 
Figure 5. 
on the sending ring show that channels A 
and C are interleaved as are channels B 


The various channel segments 
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Figure 1 (left). 

Front and rear 

views of the send- 

ing _ distributor 
rack 


| 
it 


Figure 3 (right). 
Receiving distrib- 
utor rack 


and D, which follow. This was done for 
ease in changing from 4-channel operation 
to 2-channel operation, which can be 
accomplished by throwing switches. The 
marking polarity is positive on two of the 
channels, A and D in this "case, and is 
negative on the other two channels (B 


Figure 2 (left). 
Electronic regen- 
erator rack 


Figure 4 (right). 
Error - indicator 
rack. In the 
front view, the 
panel has been 
removed from 
one error-indica- 
tor chassis 


(090404 COGS, 


BEUCOGOAEEOEEd 


+BOCCCE CHORE 
oe 6% ©¢ @4% 


and C), in accordance with the usual prac- 
tice, to provide signal reversals for syn- 
chronizing even when all four channels 
are idle. 

Channel A is always operated from a 
multiplex transmitter in the main office 
but channels B, C, and D can be extended 
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Figure 6. Sending-end regenerator circuits 


to branch offices on a start-stop-printer 
basis. 


EXTENSION CircUITS 


Circuits are shown for extending only 
the C channel by closing the seizure 
switch in the branch office. The closing 
of this switch causes the clutch pulse to 
operate the seizure relay and the C- 
channel switch relay. The latter switches 
the C-channel sending segments from the 
multiplex transmitter to the extension 
storage capacitors through the C-channel 
idle-signal switch. Each clutch pulse re- 
leases the start-stop transmitter dis- 
tributor clutch so that the signal com- 
bination for one character will be sent to 
the main office and the extension-line re- 
lay operated. From the tongue of this 
telay, polar signals are sent through the 
extension translator rings into the chan- 
nel-extension storage capacitors from 
which they are sent through the proper 
segments of thesending ring. The clutch 
pulse, originating from a segment of the 
local ring, is phased by means of the 
phasing control rheostat so that the brush 
on the extension translator rings will be 
passing over each pulse segment when the 
signal for that pulse is arriving from the 
tongue of the extension-line relay. The 

_ segments on these rings are spaced so that 
__ the brush will pass from the beginning of 
_ one segment to the beginning of the next 
_ segment in 0.022 second, which is the 
_ duration of each selection pulse of the 
Fd start-stop combination when operated at 
_ a 61-word-per-minute speed. 

_ When the auto-stop contacts of the 
branch-office transmitter open due to a 
taut tape, the transmitter distributor 
clutch is not released by the clutch pulses 
and a solid marking current is sent to line 
which would cause the extension storage 
capacitors to be charged with marking 
potential and the ‘“‘letter shift’? combina- 
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tion would be set up. This would be a 
false combination and would result in er- 
rors if upper-case characters were being 
sent when the tape became taut. To 
prevent this, the idle-signal relay tongues 
transfer the sending segments from the 
storage capacitors to spacing potential, so 
that the ‘‘idle’’ signal is sent over the mul- 
tiplex channel when a false ‘‘letter-shift”’ 
combination is received. The false 
“letter-shift’”’ combination has no start 
pulse and this distinguishes it from the 
true one. This condition is detected by 
means of idle-signal tubes, which are con- 
trolled from a segment on the translator 
ring over which the brush passes when the 
start pulse is received. These tubes con- 
trol the idle-signal relay. 


ERROR-INDICATOR CIRCUITS 


For error indication, each character 
combination is sent twice. On a 4-chan- 
nel basis, the same combination is sent on 
two successive revolutions of the dis- 
tributor brushes and the traffic capacity 
is 25 words per minute per channel. 
When sending is from a multiplex trans- 
mitter, it is only necessary to open the 
transmitter step-pulse circuit on alternate 
revolutions of the brushes. This is done 
by flip-flop relays, operated at the proper 
time from a segment on one of the dis- 
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Figure 7. Receiving regenerator 
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tributor rings. When sending is from a 
branch office, the clutch pulse is inter- 
rupted on alternate revolutions of the 
brushes and the extension relay is cut 
off from the translator rings on the same 
revolution by means of a flip-flop relay so 
that the same signal combination remains 
on the storage capacitors as on the pre- 
vious revolution. 


By using two channels for original 
transmission and the other two channels 
to repeat the combinations for compari- 
son, a traffic-carrying capacity of 50 
words per minute on each of two channels 
can be obtained. If two channels are 
used this way, the other two can be used 
with error indication at 25 words per 
minute per channel or either or both may 
be used at 50 words per minute per chan- 
nel without error indication. 

Error indication, on a 2-channel basis, 
is put into effect at the sending end by 
throwing a switch. The circuits for 
operation on C channel with repetition on 
B channel, by throwing C- and B-channel 
error-indicator switch, are shown in 
Figure 5. The first three pulses are re- 
peated by a direct connection of the 
sending segments but the other two are 
repeated from overlap storage capacitors, 
as the tape on the C-channel transmitter 
is being stepped while they are being 
sent. 


Monitor Circuits 


Two multiplex 5-magnet tape printers 
are available for connection to any chan- 
nel for monitoring the signals as they 
leave the sending ring. Since the signals 
from all channels are already aggregated 
on this ring, they must be separated 
again by channels on the monitor trans- 
lator rings. The printer selections are 
controlled by monitor-control tubes, 
which reinvert the signals of the two in- 
verted channels. 


SENDING REGENERATOR CIRCUITS 


Signals from the solid sending ring are 
regenerated before they are used to 
modulate the tone generator of the keyed 
tone channel between the telegraph office 


REGENERATED 
OUTPUT 
TO DISTRIBUTOR 


REGENERATION 


FREQUENCY 
STANDARD 


and the radio station. As may be seen in 
Figure 6, they are passed by means of an 
isolation cathode-follower tube into the 
secondary of the input transformer of the 
positive-to-polar-pulse converter. Dif- 
ferentiated square waves, at baud speed, 
from a fork-driven counter are passed 
through a negative-pulse clipper and the 
positive pulses pass to the primary of the 
input transformer. These pulses consti- 
tute accurate time markers, adjusted to 
occur at the approximate center of the 
signals from the sending ring. They 
sample the signal for polarity and initiate 
with great accuracy of timing, a pulse of 
the polarity of the sampled signal. These 
polar pulses, brought out through the 
output transformer, are expanded into the 
regenerated polar signals in the polar- 
pulse expander. Due to the unbalanced 
ground connection across the primary of 
the output transformer, a small portion of 
the distributor signal as well as the polar 
pulses appear at the output of the con- 
verter, which facilitates monitoring. 


Receiving-End Circuits 


GENERAL 


Three main functions are to be per- 
formed by the receiving multiplex ter- 
minal equipment. 


Regeneration of the Received Signal 


The received radio signals are subject 
to distortions by various types of trans- 
mission irregularities. Before the signal 
can be distributed to the respective auto- 
matic printing devices, it is necessary to 
remove such distortions by a regeneration 
process. 

The regenerator unit retimes the signals 
and supplies to the rotating distributor a 
fully regenerated signal; a signal that 
maintains a fixed phase relationship to the 
respective distributor face-plate segments 


and that has rigorously equal mark and 
space elements. 


Distribution of the Regenerated Signal 


A rotary synchronous distributor dis- 
tributes the regenerated signals to the 
proper channels and translates the 5-unit 
Baudot code into start-stop printer sig- 
nals. The combination of gas and vacuum 
tubes provides the signal power for the 
receiving traffic and monitor printers, 
while both relay and vacuum tube out- 
puts are available for channel-extension 
circuits. 


Detection of Errors 


When error detection is desired, the 
sending end is made to repeat the same 
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character on two transmissions. The 
error indicator will compare the two 
transmissions and when a discrepancy is 
detected will switch the corresponding 
receiving printer from the multiplex signal 
to an internal signal source. A sequence 
of start-stop signals will then be supplied 
to the printer to print a question mark 
(2) right after the erroneous character; 
thereupon the printer is returned at the 
proper instant to the signal circuit. 


Receiving Regenerator 


GENERAL 


The receiving regenerator logically 
subdivides into four functional sections, 
the interrelation of which is illustrated in 
Figure 7. 

The radio receiving station normally 
relays the received signal in the form of a 
keyed tone over regional facilities (land 
line or very-high-frequency link) to the 
operating office where the regenerator 
and associated terminal equipment are 
located. This keyed tone, after demodu- 
lation and shaping into a d-c square- 
wave form passes to both the synchroniza- 
tion and regeneration chassis. 

The frequency-standard unit generates 
two separate sets of timing pulses, each at 
signal-element speed, which are supplied 
to the synchronization and regeneration 
units, respectively. 

Comparison of the phase of one set of 
timing pulses with the timing of the radio 
signal leading edges (cross-over from 
space to mark) is made in the synchroni- 
zation unit. Departures from the cor- 
rect phase will result in synchronizing 
impulses being applied to the vacuum- 
tube fork oscillator in the frequency- 
standard unit. 

In the regenerator unit, the local timing 
pulses sample the polarity of every signal 
element of the received signal to produce 
an output pulse, which expanded to full 
signal-element duration is the regener- 
ated signal. 

In addition, an automatic margin in- 
dicator has been incorporated in the re- 
ceiving-regenerator rack. This unit auto- 
matically indicates the degree of reli- 
ability of the regeneration process by 
lighting alarm pilot lamps should the 
signal be severely mutilated by trans- 
mission disturbances and it permits a 
range to be taken at any time without in- 
terfering with traffic. 


REGENERATION AND SYNCHRONIZATION 


The receiving-end regenerator rack has 
a precision vacuum-tube oscillator similar 
to the one used at the sending end. For 
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La 


proper synchronization, this receiving 


fork is adjusted to run faster than the — 
sending-end fork by slightly more than 


the anticipated maximum speed difference 
between the two forks. With such an ad- 
justment, the receiving end will always 
tend to run ahead of the sending end. A 
speed difference of about one part per 


hundred thousand was found adequate | 


for an initial adjustment. 


From the receiving-end fork, positive 
gating pulses are derived at signal-element 
speed which, of course, also tend to drift 
ahead of the received signal edges. By 
means of a manual phase-shifting device 
(synchronization phase shifter), these 
gating pulses are initially adjusted to lag 
slightly behind the signal edges. The 
gating pulses then will tend to drift into 
the edges of the radio signal. When the 
radio-signal leading edges (cross-over 
from space to mark) and the gating pulses 
coincide, a synchronization pulse of a 
fixed magnitude and duration is applied to 
the fork. For the duration of the syn- 
chronizing pulse, the fork is slowed down 
by approximately 30 parts per hundred 
thousand. The synchronization marker 
pulses are thereby effectively moved back 
to some position lagging the signal edges. 
Once the synchronization pulse is over, 
the receiving fork will tend to resume its 
original rate, drift again into the signal 
edges, and the cycle will repeat itself. 

It is to be understood that the fork is to 
synchronize to a radio signal subject to 
random transmission disturbances. The 
time the signals require to travel from a 
transmitter to a distant receiver is likely 
to vary from instant to instant due to 
multipath and other effects. The re- 
ceiving fork will keep in step with the 
signal by assuming a pbase relation to the 
signal edges, such that only some leading 
signal edges will arrive late enough and 
produce synchronization impulses. The 
majority of signal edges will have no ef- 
fect on the frequency of the receiving 
fork. 


It is desirable to keep the speed dif- 
ference between the sending and receiving 
forks small. Each rate correction can 
then also be made small, and the fork will 
not follow each random phase variation 
of the signal. The receiving-end fork 
then runs essentially at constant speed 
except for minute rate corrections that 
cancel the speed difference between send- 
ing and receiving forks. Each correction 
reduces the speed of the receiving-end 
fork by approximately 80 parts per 
hundred thousand and lasts 0.1 second. 
This is equivalent to a phase shift of ap- 
proximately 30 microseconds. Consider- 
ing that a 4-channel multiplex system 
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Details of receiving regenerator 


operating at 50 words per minute per 

channel has a signal-element length of 

10,000 microseconds, each individual cor- 

rection represents indeed a minute phase 

shift. 

The small effect of each individual 
correction also affords protection against 
over-synchronization. A signal may split 
due to severe multipath effect or noise. 
Such splits would simulate additional 
leading signal edges and might result in 
erroneous rate corrections. The effect 
of each correction being small, the re- 
ceiving fork will not readily assume an in- 
correct phase with respect to the signal. 
In turn, should a few signals arrive ex- 
ceptionally late, the phase of the re- 
ceiving end will not be affected materially. 
As an additional protection against over- 
correction, the maximum repetition rate 
of the synchronizing pulses has been 

limited to 120 per minute. 
_ The receiving regenerator unit operates 
on the same signal-sampling principle as 
_ the sending-end regenerator. Sampling 
_ pulses are derived at signal-element speed 
from the receiving-end fork and are 
manually phased to coincide with the ap- 
proximate center of the received signal 
elements. 

The threshold of a regenerator is de- 
fined as the minimum signal margin that 
the regenerator will accept and still re- 
generate faultlessly. Even if a perfect 
‘signal is supplied to the regenerator, it is 
to be understood that the margin will be 
less than 100 per cent. Two main factors 
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account for this: the width of the selec- 
tion pulse and the synchronization-rate 
corrections. 

Assuming that a perfect signal is re- 
ceived (4-channel operation), the range 
will be measured as 10 milliseconds minus 
the width of the sampling pulse. A fur- 
ther reduction of the margin reading 
results from the small retardations and 
accelerations to which the fork is sub- 
jected for synchronization. 

At the sending end, where signals of 
only 3 to 4 per cent distortion have to be 
regenerated, a high regenerator threshold 
is quite adequate and allows for circuit 
simplicity. At the receiving end, where 
signal mutilation can be severe, the re- 
generator has to be designed for a very 
low threshold. This is done by using an 
effective sampling pulse width of ap- 
proximately 50 microseconds (0.5 per cent 
of the signal element with 4-channel 
operation). |Since the effect of the in- 
dividual synchronization impulse is also 
small, the threshold of this regenerator is 
of the order of 1.5 per cent for 4-channel 
operation. 


THEORY OF OPERATION 


Figure 8 shows a block diagram of the 
receiving regenerator. At the lower left, 
a vacuum-tube-driven fork supplies a 
200-cycle wave to the synchronization 
phase shifter. This is a magnetic-type 
phase-shifting device that allows contin- 
uous control of phase shifting by means 
of a knob on the front panel. The phase- 
shifter output is frequency divided in the 
synchronization frequency-division stages 
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first to 100 and then to 50 cycles. Hither 
50- or 100-cycle outputs are available as 
pulses of about 50 microseconds width. 
These pulses initiate the synchroniza- 
tion timing pulses, which must occur at 
signal-element speed. Thus for 4-channel 
50-word-per-minute operation, the 100- 
cycle output of the frequency-division 
stages will be chosen. For 2-channel 50- 
word-per-minute operation, the 50-cycle 
pulse output is used. A _ front-panel 
switch allows the selection of either out- 
put. Each pulse of the synchronization 
frequency divider will initiate a square- 
top positive pulse of 4 milliseconds dura- 
tion through the gate. 

The output of the input signal-shaping 
unit is a square-wave-type polar signal. 
This signal is, differentiated by a short- 
time-constant resistance-capacitance net- 
work, the output of which will be a posi- 
tive pulse for a leading signal edge and a 
negative pulse for a lagging signal edge. 
These signal edges and the 4-millisecond 
pulses are supplied to a coincidence gate. 
This stage is biased to cutoff so that 
neither the positive 4-millisecond pulses 
nor the positive signal edges alone will be 
sufficient to make the tube conduct. 
When the 4-millisecond pulses and the 
positive signal edges occur simultane- 
ously, an output pulse will result from the 
coincidence gate. Obviously, the coin- 
cidence of a negative signal edge and a 4- 
millisecond pulse will not produce any 
output. Thus, a coincidence of the lead- 
ing signal edges only with the 4-milli- 
second synchronization timing pulses is 
hereby achieved. 

The coincidence of a positive signal and 
a 4-millisecond pulse will apply a syn- 
chronization pulse to the 200-cycle fork. 
The output of the coincidence gate is a 
pulse of too short a duration effectively to 
slow down the fork. This pulse is there- 
fore first expanded to 0.1 second width. 
This is accomplished by applying the out- 
put of the coincidence gate to a pulse 
generator. On reception of a coincidence 
pulse, the 0.1-second gate will generate a 
square-top positive pulse of 0.1 second 
width. The energy of these 0.1-second 
pulses will slow down the fork electro- 
magnetically. To insure against over- 
correction, the maximum repetition rate 
of these 0.1-second rate corrections is 
limited to 120 per minute. A correction 
limiter renders the 0.1-second gate insen- 
sitive for an additional 0.4 second beyond 
the 0.1-second operation time of the gate. 
A front-panel neon lamp will flash every 
time correction pulses are applied to the 
fork. 

The synchronization phase shifter feeds 
also a phase-shifting unit termed a re- 
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generation phase shifter. The regenera- 
tion frequency-divider following this 
phase shifter performs two functions: 
A) It supplies push-pull 50-cycle square- 
wave outputs, which after power am- 
plification provide the driving energy for 
the phonic-wheel motor, and B) it pro- 
vides scanning pulses at signal-element 
speed for regeneration. 

Again, depending on whether 2- or 4- 
channel operation is desired, a switch al- 
lows the selection of either 100- or 50- 
cycle pulses from the regeneration fre- 
quency divider. These are positive pulses 
of 50-microsecond width and feed a con- 
verter stage simultaneously with the 
square-wave output from the signal- 
shaping unit. 

Should a positive scanning pulse coin- 
cide with a positive signal element, the 
converter output will be a positive pulse. 
Coincidence of a positive scanning pulse 
with a negative signal element will result 
in a negative pulse output. The output of 
the converter will therefore consist of 
negative and positive pulses, the sequence 
of which will depend on the combination 
of positive and negative elements of the 
incoming signal. Since the polarity of 
these output pulses is determined by the 
signal polarity existing at the time at 
which scanning pulses are supplied to the 
converter, it is evident that the radio 
signal is hereby effectively sampled, signal 
element by signal element, by the scan- 
ning pulses. 

The polar pulse output of the converter 
is expanded to full signal-element length 
by means of a flip-flop circuit. The out- 
put of the flip-flop is of square-wave 
type. The crossover from one polarity to 
the other of the flip-flop can only occur at 


Figure 9. Regeneration frequency divider 
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Figure 10. Timing of scan- 
ning and gating pulses in re- 
lation to the input signal from 
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10-millisecond intervals, as timed by the 
scanning pulses. This flip-flop output 
will therefore have a unity mark-to-space 
ratio. It will also maintain a constant 
phase with respect to the regeneration 
frequency divider. This flip-flop output 
is now fed to the distributor face plate 
for distribution. Since the distributor is 
synchronously driven by the regeneration 
frequency divider, the flip-flop output 
will also maintain a constant phase rela- 
tionship to the distributor face-plate seg- 
ments. Therefore, a fully regenerated 
signal is supplied to the distributor. 

In order to have signal reversals on the 
air even when all channels are idle, chan- 
nels A and D have been made positive or 
direct channels. Channels B and C are 
negative or inverted channels. Thus, at 
the receiving end, another inversion of 
channels B and C must be performed be- 
fore distribution to the printers. To ac- 
complish this, the flip-flop stage has two 
(symmetrical) outputs; one direct and 
one inverted output. 
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Automatic Margin Indicator 


The automatic margin indicator pro- 
vides an indication of the signal quality. 
The received radio signal is sampled by 
this unit into three classes. - 

1. Signals having more than 40 per 
cent margin. Such signals are to be con- 
sidered as good signals, and no indication 
will be given by the automatic margin 
indicator. 

2. Signals having less than 40 per cent 
margin but more than 20 per cent margin. 
For each such signal, a white neon lamp 
will flash on the front panel. 

3. Signals having less than 20 per cent 
margin. Such signals are very poor, and 
the probability that error will occur is 
great. Should any one signal be received 
with less than 20 per cent margin, a red 
neon lamp on the front panel will light 
and remain on until it is manually ex- 
tinguished. 

The automatic margin indicator dis- 
tinguishes between forward and back- 
ward signal margin. Four neon-lamp in- 
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dicators are therefore provided on the — 


front panel of the unit: two white lamps 
for 40 per cent backward and forward 
margin indications, respectively, and two 
red lamps for 20 per cent backward and 
forward margin indications, respectively. 

The regeneration frequency divider, as 
shown in Figure 9, supplies to the auto- 
matic margin indicator: positive pulses at 
signal-element speed, which are iden- 
tical with those used for regeneration and 
are termed ‘‘scanning pulses,’ and posi- 
tive pulses at signal-element speed similar 
to the scanning pulses but delayed by 5 
milliseconds with respect to them. 

The “scanning pulses’’ initiate two 
gates at signal-element speed. A gate A, 
which generates positive square-top pulses 
of 2 milliseconds width, and a gate H, 
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which generates 1-millisecond square-top 
pulses. The scanning pulses that are de- 
layed by 5 milliseconds initiate: a 2- 
millisecond gate C after an additional de- 
lay of 3 milliseconds, and a 1-millisecond 
gate D after a delay of 4 milliseconds. 
From Figure 11, it is seen that these four 
gates effectively surround the sampling 
pulse. Gates A and B are initiated at 
sampling time. Gates C and D are so 
timed that their lagging edges coincide 
with the sampling pulse. 


The square-wave output of the radio 
signal-shaping unit is differentiated into 
positive and negative pulses. A full-wave 
rectifier converts all these polar pulses 
into positive pulses. Gates A, B, C, and 
D are fed into four coincidence stages, 
respectively. Each of these coincidence 
stages receives also the positive pulses de- 
rived from each radio signal edge. Coin- 
cidence of a signal edge with any of the 
four gates will result in an output from 
the corresponding coincidence stage. 
Thus, a coincidence output from gate C 
indicates that the forward margin is less 
than 40 per cent and a white neon lamp 
will flash for each coincidence pulse. In 
turn, coincidence of gate D and a signal 
edge indicates that the forward margin is 
less than 20 per cent and the red neon 
lamp will light and will remain lit until 
manually extinguished. Similarly, coin- 
cidence outputs corresponding to the 
gating time of A and B will indicate back 
margins of less than 40 per cent and 20 
per cent, respectively. These lamp in- 
dicators therefore show the operator 
whether any adjustments of the circuit are 
required and indicate the reliability of the 
received signal. 


The 40 per cent indicator lamps also 
allow the margin to be taken without 
interruption of traffic. Manual rotation 
of the regeneration phase shifter will 
change the scanning pulse phase with 
respect to the radio signal. Since the 
gates of the automatic margin indicator 
are initiated by the scanning pulses, they 
will move by the same amount as the 
scanning pulse. To take a margin with 
the automatic margin indicator, the re- 
generation phase shifter is manually ad- 
vanced in phase until the forward 40 per 
cent light just starts to flash. The phase 
shifter is then backed up slightly to a 
position where no flashes occur for, say 
one minute. The regeneration phase 
shifter is then manually retarded in phase 
with respect to the signal and a similar 
reading is taken by observing the back 40 
per cent light. The difference between 
the two dial readings of the regeneration 
phase shifter plus 40 per cent is equal to 
the signal margin. Since during this 
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operation the scanning pulse stays clear 
of the signal edges, no interference with 
traffic will result. 

The automatic margin indicator unit is 
provided with front-panel test jacks for 
cathode-ray-oscilloscope observation. For 
quick monitoring, a composite wave pat- 
tern, similar to that shown in Figure 10, is 
provided, showing on the oscilloscope the 
time position of: the radio signal edges, 
the scanning pulse, and the four gates of 
the automatic margin indicator. In ad- 
dition, the 4-millisecond gate used for 
synchronization can be added to the 
cathode-ray pattern. 


Receiving Distributor Circuits 


GENERAL 


The regenerated signals are supplied to 
the receiving distributor for channel dis- 
tribution, for translation into start-stop 
signals, and for error detection as shown 
in Figure 11. 


A- and D-channel signals are received 
from the normal regenerator output and 
those for B and C channels from the in- 
verted output. These latter were sent 
inverted and must be “‘reinverted”’. 


The brushes of the distributor are 
driven by a phonic motor that receives its 
power from the regenerator tuning fork 
and these brushes are adjusted so that 
they will be passing over one of the 
“Tive’’ segments of channel-selection ring 
1 during approximately the center of the 
time interval for the reception of each 
signal pulse. 


Channel phasing is accomplished by 
stepping the brushes backward on their 
drive shaft one line-segment interval at a 
time until the channels are properly 
phased. This is indicated by placing the 
phasing switch in the ‘“‘ON”’ position and 
noting when a monitor printer on D 
channel receives the phasing-signal com- 
bination of all five marking pulses. 


TRANSLATION CIRCUITS 


The signals are distributed through 
ring 1 to five storage capacitors for the 
signals of each channel. The monitor 
printers and the circuits that translate 
from multiplex to start-stop signals get 
their selection pulses from these storage 
capacitors. The start and_ selection 
pulses are of approximately 0.022-second 
duration. 

For translation, the signals from the 
storage capacitors pass through a trans- 
lator ring, the live segments of which are 


spaced so that the brush passes over suc- 


cessive segments at 0.022-second inter- 
vals, generating signal elements of this 
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duration. Start and stop pulges are 


added through other segments at the — 


proper intervals. Translation circuits are 
shown in Figure 11 for the A channel 
only ; 
similarly translated. 

The start and stop pulses being in- 
serted independently of the signals, they 
would be present even when the cireuit is 
idle. 
means is made effective when the idle 


combination continues for more than 15 or — 


20 seconds. 
In normal operation, 
pulses of the multiplex signals, as they 


5 
< | 


sh 


the signals of all channels are ; 


% 


To prevent this, a suppressing — 


the marking — 


appear across the storage capacitors, are — 


applied to the grids of suppressor tubes. 


A timing capacitor is charged through a _ 
high resistance and discharged through — 
the relatively low resistance of the plate 


circuits of the suppressor tubes. When 
these marker pulses are not received, the 
timing capacitor charges and, through an 
auxiliary suppressor tube, operates the 
suppressor relay to put a solid marking 


signal in the start-stop circuit. This ac-_ 


tion is reversed on reception of the first 
marking pulse when the circuit resumes 
operation. 


MOoNITOR-PRINTER CIRCUITS 


The monitor printers can be switched 
to any channel. Their selection pulses 
are obtained from the storage capacitors 
through thyratron tubes whose plate 
circuits are controlled from the plate- 
centrol rings. 


ERROR-INDICATOR CIRCUITS 


The equipment for error indication is 
mounted on a separate rack. When re- 
ception is on a 4-channel basis, the signal 
combination for each character is re- 
ceived twice, on successive revolutions of 
the distributor brushes, and one is com- 
pared with the other. If there is any 
difference, normal reception is interrupted 
and a question mark is printed after the 
questionable character. Normal recep- 
tion is then resumed. The circuits for 
this operation are shown in Figure 12 for 
C channel only. 

During the first reception of a char- 
acter, the five signal-storage capacitors 
SC1-SC5 are charged through Ri in 
parallel with the primary winding of the 
input transformer, Pulses from the 
secondary winding are rectified and pass 
through the selector tube to the flip-flop 
circuit. 

The path through the selector tube 
and R2 is effectively a short-circuit 


as there is no plate current flowing ~ 


through R2. 
The flip-flop circuit is controlled by 
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pulses from ring 6 of the distributor and is 
switched after each character is re- 
ceived. On this first character, V/ of the 
flip-flop circuit is active and has ener- 
gized the cutout relay, which disconnects 
the traffic printer from the channel ex- 
tension tube, thus making it inopera- 
tive. 

After the five channel pulses have been 
received, the flip-flop circuit is pulsed 
through ring 6 and V2 becomes active. 
The voltage drop across R2 from the 
plate current flowing through V2 acts as a 
cutoff bias on the selector tube and any 
pulses through Ri will be transmitted to 
the grid of the detector tube. 

When the detector tube is pulsed, the 
traffic printer is switched from the normal 
receiving circuit to the question-mark 


transmitter through operation of switch 
relay RL1. The timing circuit is put into 
operation through RL2 so that the traffic 
printer will be reconnected to the normal 
circuits after the question-mark trans- 
mitter has sent the start-stop combina- 
tions for “‘figure shift,” “question mark,”’ 
and “‘letter shift.” 

The question-mark transmitter is a 20- 
point rotary switch driven from a 45- 
cycle-per-second oscillator. 

The switch relays RLI and RL2 are in 
the plate circuit of the switch tube, which 
is operated from two control tubes. One 
of these is coupled to the detector tube 
and initiates the operation while the 
other determines the length of operation 
by means of a pulse from ring 6 through 
a timing circuit, thus preventing the 


’ 
“a 


traffic printer from being switched during — 


the printing of a character. 

Figure 12 also shows the circuits used 
when the original transmission is on C 
channel and B channel is used for com- 
parison. The C+ B switch is thrown to 
the ‘“ON”’ position and J1, J2, and J3 are 
plugged into the C+B jacks. The flip- 


flop tubes are now controlled from two 
segments on ring 6. Each character com- 
bination is set up on the combined C- — 


and B-channel storage capacitors during 
reception over C channel. 
Printing and scanning for errors are 


done when the character is being re- — 
peated on B channel. The timing of the — 


switch from normal to the question-mark 


transmitter is changed to accord with the — 


new comparison period. 


No Discussion 
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A Nationwide Frequency-Modulation 
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Synopsis: With one exception, the carrier 
telegraph systems of the major record com- 
munication companies of the world are 
operated by the old familiar amplitude- 
modulated (AM) method. That exception 
is the huge trunk line and tributary network 
of the Western Union Telegraph Company 
which, while realizing excellent spectrum 
economy, employs frequency modulation. 
It is the object of this paper to report on the 
success achieved in operating that network. 
Years of experience with thousands of 
frequency-modulated (FM) telegraph chan- 
nels have demonstrated they may be 
operated in long tandem chains with excel- 
lent continuity of service. 


The Origin of FM Telegraphy 


™PHE theoretical and technical aspects 
of recent advances in the carrier cur- 

rent telegraph art are well covered by the 
technical literature of record communica- 

_ tion. Present-day AM carrier telegraphy 
is perhaps most comprehensively covered 
in an article written by A. L. Matte! 
which describes a 170-cycle-spaced chan- 
nel system intended for single-printer 
working. A higher speed system with 
channels separated by 300 cycles, de- 
scribed by F. B. Bramhall? in 1940, was 
designed to provide transmission circuits 
for 4-printer multiplex working with a 
modulation speed of 132 bands. FM 
Systems for these two classes of service 
are covered respectively in two other 
papers by Western Union authors.*4 
An extensive network of narrow-band 
AM telegraph channels, after the design 


51-62, recommended by the AIEE Tele- 
ph Systems Committee and approved by the 
_AIEE Technical Program Committee for presenta- 
n at the AIEE Winter General Meeting, New 
) N. Y., January 22-26, 1951. Manuscript 
mitted October 26, 1950; made available for 
ing December 1950. 


BRAMHALL and L. A. Smiru both are with the 
Se Union Telegraph Company, New York, 
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Network 
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covered by Mr. Matte, provides trunk 
circuits for the private-wire lease services 
and the teletype timed-wire service 
(TWX) operated by the American Tele- 
phone and Telegraph Company. Now 
with d-c physical circuit telegraphy 
largely displaced for trunk-line services 
in Western Union’s plant, there has come 
into being a nationwide network of 
narrow-band FM telegraph channels. 
During the past several years, consider- 
able work has been done in an effort to 
establish the relative merits of the AM 
and FM methods for various conditions 
of operation. The results of this work 
also have been recorded by various 
authors, notably T. A. Jones and K. W. 
Pfleger,> by J. R. Davey and A. L. 
Matte,° and briefly in some of the articles 
already mentioned. For the most part, 
the comparisons recorded have been the 
result of laboratory work or short-term 
service trials. Now the operating results 
achieved on a narrow-band FM network 
can be reported as based on years of ex- 
perience with nearly 2,000,000 miles of 


such circuits. 


First Large-Scale Application 


In 1946, Western Union undertook a 
modernization and mechanization pro- 
gram which resulted in a tremendous 
expansion of its existing carrier network. 
This involved a conversion of multiplex 
circuits previously employed for trunk- 
line service to single-printer operation and 
a replacement of the d-c physical circuits 
with carrier channels. The program 
covered practically all long-haul facilities 
and a large part of the shorter feeder cir- 
cuits. A full appreciation of the condi- 
tions under which these circuits operate 
and the high performance standards 
demanded will be enhanced by an under- 
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standing of the routing and automatic 
switching methods by which separate 
telegraph circuits are interconnected in 
the modern telegraph plant. Manual re- 
laying, the process of reproducing the 
telegraph message on paper and retrans- 
mitting it by a telegraph operator, has 
practically disappeared. A few rela- 
tively large reperforator switching offices 
have been established in heavily loaded 
traffic centers. Each such office serves a 
selected territory or area, all messages to 
and from that area being routed through 
the switching center and automatically 
or semiautomatically retransmitted to 
the offices of destination. A description 
of the reperforator switching system, 
which obviates manual handling and now 
serves the entire nation, is recorded in a 
paper by R. F. Blanchard and W. B. 
Blanton.’ Fifteen switching centers are 
interconnected by a multiplicity of FM 
carrier telegraph channels as they also 
are connected to a great many smaller 
centers within each area. Only the very 
short circuit connections and those serv- 
ing smaller towns remain on physical d-c 
telegraph wires. 


Equipment 


Present-day voice-frequency bands, 
either those derived from Western Union 


Channel terminal equipment in 
large office 


Figure 1.- 
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Figure 2. Centralized control and monitoring 
equipment for 160 channels 


wire line or radio 


tems or those 


relay carrier sys- 
leased from the Amert- 
and Telegraph Com- 
pany and associated companies, have a 
bandwidth of approximately 3,000 cycles. 
It has been found expedient to subdivide 
such bands into two subbands and to 


can Telephone 


operate eight or nine telegraph channels 
in each subband. To provide maximum 
flexibility with minimum variety in the 
types of equipment required, the carrier 
equipment is built up of standard units 
arranged to meet various conditions. 
The telegraph channel terminals nor- 
mally are assembled in groups of eight, 
completely wired on a 10-foot rack. 
These terminal sets, shown in Figure 1, 
are wholly electronic, the outgoing carrier 
being frequency modulated by the tele- 


vw 


Lost-Time Analysis, Second New York-Oakland 2-Channel Multiplex 24-Hour-a- 


Table 1 
Day Operation 
———— — ——————— as ee a % 
May 1946 August 1950 
All-Grounded Circuit All-Carrier Circuit 
13 Repeater Sections _ ___2 Carrier Sections 
= ate “Number Delay Number Delay 
of in of in 
Trouble Delays Minutes Trouble Delays Minutes 
ve 

Wire trouble ; il : 

‘New York-Chicago... 4........ 162 Carrier circuit failure. cone oe LG ee 151 

Chicago: Denver... . Brsgactens 311 Loss of synchronism,,....... 25); Jens 25 

Denver-Oakland...... 12........ 233 Fails and) cleatssiii..« oa. y Re rire: eau } 
Circuit line-up Total (adicncaheicy ae 41..3 hours 5 minutes 

Daily over-all, .. Qilioatste aie 810 — 

Partial ce eign cos AD tire hate vis 1,021 j | 
Other trouble | 

Fails and clears....... UO inane verde 111 

Earth currents........ Gs corrone 135 

Equipment........... Ds ea aeaenat ote 63 

Loss of synchronism (My arr ols 84 

Miscellaneous........ re cree ter: 50 


LOuM ccna 


..190.., .49 hours 30 minutes 


chine and the incoming carrier being de- 
tected and amplified to a power level 
sufficient to drive the reperforator or 
printer on the receiving side. Designed 
specifically for single-channel teleprinter 
service, they are capable of meeting the 
three most commonly required d-c leg 
conditions—full duplex, half duplex, and 
carrier terminals tandem connected back 
to back. The eight channels normally 
comprising one group of terminals have 
mid-frequencies spaced 150 cycles apart 
with the lowest channel centered at 525 
cycles and the highest at 1,575 cycles. 
The regulating equipment, such as 
rheostats for building out leg resistance, 
bias-adjusting potentiometers, common 
test equipment, and so forth, is divorced 
from the channel terminal bays and con- 


graph printer or other transmitting ma-  centrated at a central location in the 
= > Figure 3 (left), 
SEND 4 Block diagram of 


SENDING 
SUB BANDS 


\ 


1.95 - 3.3 


; 


RECEIVING 
SUB BANDS 


/ 0-1.6KC 


FILTER 


FILTER 


0- 1.6 KC 


subband grouping 


TO SENDING 
VOICE BAND 


Figure 4 (below). 
Typical subband in- 


terconnections 
KC 


VOICE BAND 
FROM RECEIVING TO STATION A 


VOICE BAND 


SUBBAND PATCHES 


GROUP OF 8 CARRIER 


operating room. Several different ar 
rangements are used for assembling the — 
standard control items, each arrangemen 

being designed for a given class of office 


. 


employed at larger offices, with each of | 
the five cabinets shown serving four — 
groups of eight or nine channels per — 
= 
group. In this instance each group has 
been provided with only eight channels, 
the blank panels being left for future ex 
pansion. i 
Figure 38 shows schematically thal 
subband separation and modulation — 
equipment employed with this method of | 
working. The method has two distinct | 
advantages. First, manufacturing and — 
warehousing economies are effected be-— 
cause the number of different types of — 
oscillators, filters, and discriminators — 
required is only half that needed under 
the older pattern, where all frequencies — 
required to fill the voice band were 
directly generated, selected, and de- 
tected. Second, the smaller group of 
channels is found to be a more convenient 
unit from the standpoint of traffic routing 
and dispatching, since a large part of the 
total network is comprised of feeder cir-_ 


i 


STATION B 


VOICE BAND 
TO STATION C 


j 
| 


ONE SUBBAND TERMINATED © 
IN CHANNEL TERMINALS 


VOICE BAND 
TO STATION D : 


© TELEGRAPH CHANNEL 
CHANNEL TERMINALS 
TERMINALS 1.95 -3.3 KC 
BEKC _{¢ SUBBAND TRANSLATING 
TRANSLATING EQUIPMENT EQUIPMENT 
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cuits to smaller communities which can 
be served by the small group of channels. 
This advantage results in the extension of 
subbands from one system to another 
by means of subband patches, as illus- 
trated in Figure 4. Patches between 
complete bands, without separation into 
subbands, also are employed. 
Voice bands over which the channels 
are operated are derived from a number of 
sources as dictated by circumstances. 
Still, to the telegraph channels all voice 
bands appear as two unidirectional paths 
(4-wire circuits), whether the ultimate 
transmission medium be a 2-wire or a 
4-wire high-frequency carrier or a radio 
relay system. Commonly used trans- 
Mission mediums are Western Union’s 
own 2-wire and 4-wire carrier systems, 
which range in capacity from one subband 
in either direction using a top frequency 
of 3 ke to the 150-ke radio relay system 
which handles 64 subband groups.’ In 
leased American Telephone and Tele- 
graph Company facilities, channel groups, 
usually not less than two subbands, oper- 
ate on C, J, K, and L carriers," 

_ The full capacity of the voice band is, of 
course, not realized when its load is only 
‘two groups of eight channels each. On 

“many circuits where the traffic demands, 
a total of 20 channels is operated in the 
voice band by the expedient of assigning 
the frequency spectrum as depicted in 
Figure 5. Two additional channels are 

secured by adding the 375-cycle “‘J”’ 

channel to each group. If need be, the 
nineteenth and twentieth channels, the 

“KK” and “L,” are added, completely 
filling the space left as a guard band be- 

_ tween the subband filters. These chan- 

nel allocations are 1,725 and 1,875 cycles, 

_ tespectively, maintaining the 150-cycle 

4 separation pattern. 

4 


"Circuit Layouts 


Figure 6 is a Circuit map of the trunk 
carrier telegraph channels now operated 
tween the reperforator switching cen- 
ers. This circuit map does not show 
runk connections to New York, Chicago, 
_ or Washington, three major traffic centers 
ich originate a substantial proportion 
the nation’s telegraph traffic. The 
w York trunk carrier circuits, shown in 
map in Figure 7, are typical of the 
hree major offices which are not actually 
witching centers but involve large net- 
vorks of carrier trunk circuits. 

Circuits are considered direct carrier 
runks if they are derived from two or 
carrier bands with a patch between 
ands or bands, the criterion being a 
tinuous carrier frequency connection 
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Figure 5. Channel allocation chart 
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Figure 6. Direct carrier telegraph channels between switching centers 
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Figure 7. Direct carrier telegraph channels serving New York City 


without intermediate conversion down to 
d-csignals. Where eight or nine channels 
suffice for trunk service between two 
traffic centers, a voice band between these 
centers is not utilized completely. The 
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remaining capacity is, therefore, em- 
ployed for establishing trunk service to 
some other distant center by a subband 
patch. 

Referring to Figure 6, it will be seen 
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Figure 8. Tributary carrier circuits 


that direct carrier trunks as defined above 
are not always provided between a given 
switching center and all other switching 
centers. Where a group of direct carrier 
trunks is not justifiable, carrier transmis- 
sion is obtained by a d-c telegraph patch 
between two trunk carrier circuits. As 
an example, a Boston-Minneapolis con- 
nection is established easily by a d-c leg 
connection between a Boston-Cincinnati 
channel and a Cincinnati-Minneapolis 
channel. 

The use of carrier circuits for all trunk 
services has proved an economical appli- 
cation of modern techniques. Still, the 
success of Western Union’s switching 
system and carrier network can be cred- 
ited in large measure to the so-called 
tributary carrier circuits which connect 
various points in each area to the switch- 
ing centers. The term “tributary cir- 
cuit’”’ as used here also includes circuits 
operating to certain important telegraph 
offices, such as Buffalo, Cleveland, Den- 
ver, Pittsburgh, and so forth, since busi- 
ness from these points is routed via the 
automatic reperforating equipment at the 
established centers. Tributary circuits 
spread out radially from the switching 
centers, as illustrated in Figure 8. 

The average switching center is 
equipped with 400 channel terminals, one- 
third of which operate in trunk-line sery- 
ice and two-thirds to scattered locations 
in the area. Figure 9 shows the assign- 
ments for the 318 channel terminals 
located in Minneapolis, a typical example. 
One hundred and three of these channels 
are assigned to trunk service and the re- 
maining 215 channels provide carrier 
service to 16 towns and cities in the area. 
These tributary carrier circuits bring all 
the major cities, and the small towns as 
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well, within direct reach of the reperfora- 
tor switching mechanisms. Many of 
them are extended via d-c telegraph facil- 
ities, as illustrated in Figure 10. Herea 
small town, ‘‘A,’’ operates via a relatively 
short d-c telegraph line into a carrier 
channel terminal in the tributary office, 
“B,” and thence via a carrier channel 
direct to the switching center at office 
“C.” Business originating at “A” is 
transmitted manually on a teleprinter 
circuit; but there is no handling of any 
kind at “B”: and at “C” the circuit 
terminates directly in the switching 
equipment which automatically handles 
the required retransmission. 

All manner of direct telegraph connec- 
tions, or the equivalent of direct connec- 
tions without manual handling at inter- 
mediate points, are established by this 


Figure 9. Carrier channel assi 


PORTLAND 


RAPID CITY 


SIOUX 
FALLS 


© 


arrangement. Nearly 6,000 channels now 7 
are in operation, totaling almost 2,000,000 4 
circuit miles. Of this number, about — 
1,800 are employed for direct trunk con- 

nections, and around 4,000 for tributary 

circuits. The switching facilities pro- 
vided at reperforator centers permit al- — 
most instantaneous connections between 
any two points in the network, regardless _ 
of the size of the offices involved or their 

locations. et 


Operating Performance : 


From the viewpoint of the'traffic engi- — 
neer, operating performance is measured — 
in terms of teleprinter range and con- — 
tinuity of service provided. Distortion 
losses caused by filters and electronic © 
equipment are extremely small. Whena 
teleprinter circuit is operated through one 
carrier section the range obtained is © 
practically a short-circuit range. Where — 
two or more carrier sections are operated 
in tandem (with or without intervening — 
relays at repeaters inserted for obtaining — 
drops) the operating range decreases 
slightly with each added section. Figure 
11 shows this effect. Itis quite inevitable — 
that any data such as recorded by this — 
graph are gathered under more or less — 
“controlled” conditions. Still, every ef- — 
fort was made, by continued repetition of © 
measurements and by performing the — 
tests on more than one set of tandem-— 
connected channels, to get the best pos- 
sible indication of the performance to be 
expected in traffic service. Whenever — 
more than seven or eight tandem sections — 
are involved in a given circuit, intermed- 
iate regenerative repeaters are provided 
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to reduce the net effect and to insure a 
minimum teleprinter range of at least 65 
points. 

_ Since any interruption requires trans- 
ferring traffic to parallel facilities, or 
rerouting via other cities to maintain a 
telegraph connection, minimum lost time 

on each circuit is important. The im- 
provement obtained in continuity of 
service through the use of the carrier net- 
work can be illustrated by examining the 

results of a lost-time study made on a 
transcontinental circuit. One of the few 
remaining multiplex circuits was used for 
this time study because it permitted a 
‘direct comparison of the same traftic 
circuit under an all-grounded condition 

_ (18 repeater sections) and an all-carrier 

- condition (two carrier sections with d-c 

- leg patch between). The all-grounded 

circuit employed two regenerative re- 

_ peaters. 

The tremendous decrease in lost time 

with carrier operation is attributable to 

_ several major factors: 


1. Lost time caused by circuit failures de- 
_ creases for two reasons. Present-day car- 
tier circuits operate on all-cable leased 
facilities in many, cases, and since cable cir- 
cuits are less subject to failure than the open- 
_ wire lines formerly employed, the number 
_ of interruptions is decreased. When an inter- 
ruption occurs, the time required for circuit 
_ restoration is comparable for grounded and 
-¢arrier circuits but a circuit line-up is ordi- 
warily not necessary for carrier, whereas 
- eight to ten minutes usually were consumed 
by circuit realignment after a wire failure on 
long-distance grounded circuit. 


Routine or emergency circuit line-ups 
ich required considerable time on the 
grounded circuits are practically elimi- 
ted with carrier operation. The line-ups 
grounded circuits were necessitated pri- 
ily by balance changes due to variable 
ther conditions. 


Certain types of trouble, such as earth 
rrents, affect grounded circuits, but have 
tle or no effect on carrier circuits. 
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OFRICELLG Figure 10 (left). 
SWITCHING CENTER Typical tributary 
circuit arrange- 
RECEIVING ge 
PRINTER 
REPERFORATOR 


Figure 11 (right). 

Effect of tandem 

sections on tele- 
printer range 


TRANSMITTER 


AUTOMATIC 
RETRANSMISSION 


4. Failures which clear without location of 
the exact cause are more prevalent on 
grounded circuits. 


A similar improvement in the operation 
of long-distance teleprinter circuits has 
been experienced, but comparative data 
cannot be presented because all long- 
distance circuits in the Western Union 
network were operated multiplex before 
the advent of carrier. However, studies 
of existing long-distance teleprinter cir- 
cuits substantiate the excellent continuity 
of service obtained from carrier operation. 
Table II shows a few such circuits, selected 
at random, giving the total lost time for a 
l-month period. 


Table Il 
Number Total 
of Lost 
Carrier Time (in 
Circuit Sections Minutes) 
New York-San Francisco....... Bra. aisiikers 36 
New York-Los Angeles......... Si ortater 53 
New York-Denver............. A ith ee 106 
New Vork-Hopstorn ini gis hick pcGls ale insoles 102 


New York-San Antonio,........ Dateless one 100 


Shorter circuits show considerably less 
lost time, many operating without inter- 
ruptions of any kind for an entire month 
or longer. 

A further example of operating per- 
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formance, which clearly illustrates the 
reliability obtained, is the “‘round-robin”’ 
circuit of Figure 12. This circuit consists 
of a continuous loop with 23 individual 
carrier sections, totaling approximately 
3,300 miles connected in tandem. Two 
independent message circuits, one operat- 
ing clockwise and one counterclockwise, 
are established by this arrangement, with 
transmission originating at any one of 31 
customers’ stations scattered around the 
loop. Transmission from any given 
point is received at all other points. In 
spite of its complexity, the total lost time 
for all points in the circuit averages only 
0.6 per cent. 

Limited field installations during the 
1930-1940 trial period convinced Western 
Union that FM operation was more 
desirable than AM operation for a carrier 
telegraph plant and also that carrier 
operation would be more advantageous 
than d-c physical operation. The results 
of a moderate increase in the carrier 
facilities a decade ago, followed by whole- 
sale conversion in the past few years, 
have confirmed this conclusion. Installa- 
tion, operation, and maintenance have 
been economical, and the continuity of 
service obtained has improved to a 
marked degree. 
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Discussion 


R. B. Shanck (Bell Telephone Laboratories, 
Inc., New York, N. Y.): Some data are 
given in this interesting paper which show a 
large improvement, as regards lost time, for 
the FM telegraph system as compared to 
d-c grounded telegraph. A comparison of 
the FM with the AM voice-frequency tele- 
graph would also be of considerable interest. 
Records kept in connection with Bell Sys- 
tem private-line telegraph service, employ- 
ing for the most part AM voice-frequency 
telegraph, show materially less lost time for 
comparable distances and periods than the 
figures quoted in this paper for the FM 
system. It is realized that differences in 
maintenance practices and the manner of 
keeping records are such that the data do 
not provide an accurate comparison. It 
would appear, however, that there is no 
outstanding difference between the two 
systems from the standpoint of performance 
in service, on wire lines of reasonably good 
quality. 


I. S. Coggeshall (The Western Union Tele- 
graph Company, New York, N. Y.): A sys- 
tems paper like this one serves a useful pur- 
pose in enabling one who has only a passing 
acquaintance with the problems faced in de- 
signing a large communication system to get 
a bird's-eye view of the results achieved. 
The filtered spectrum of Figure 5 of the 
paper, taken in connection with the FM 
features described in reference number 3 of 
the paper, accounts for an observed fact that 
150-cycle center-spacing of adjacent chan- 
nels in the subcarriers permits not only start- 
stop printer operation (which the authors de- 
scribe in the first paragraph under the sub- 
head ““Equipment”’ as being basic to the de- 
sign), but also permits equally satisfactory 
transmission of 2-channel  time-division 
multiplexes at 66 words per minute per 
‘ channel, coast to coast. Provided that re- 
generative repeaters are inserted, even 3- 


channel multiplexes can be employed with 
150-cycle spacing. Yet the authors correctly 
refer to the second New York-Oakland 
2-channel multiplex as one of the compara- 
tively few multiplex circuits now remaining 
in Western Union landline service. 

The design and installation of the enor- 
mous carrier program were quite under- 
standably pointed to the adoption of the 
start-stop method of operation as optimum 
for simplicity and flexibility at a time when 
it was necessary to deal with other complexi- 
ties. However, the facility with which 
bands and sub-bands are now patched, and 
start-stop d-ce circuits are legged on, sug- 
gests to the operating man that, as a next 
step, there should be engineered a simple, 
reliable, standard-speed multiplex system 
incorporating enough intermediate pulse 
storage and sufficient frequency stability so 
that any of the 150-cycle-spaced carrier fre- 
quencies could be put into use in time- 
division multiplex. Thus, any individual 
multiplex channel could be directly corded 
into any other channel with the same degree 
of freedom, and with as little delay, as car- 
rier channels now are patched. 

To the usual economic challenge of such a 
development is now added the national 
emergency which will, in all probability, re- 
sult in a heavy demand for additional facili- 
ties on trunk and tributary routes. 

In the submarine cable system, frequency- 
division multiplex cannot be applied except 
on the shorter cables, and we are accus- 
tomed, perforce, to consider that since time- 
division multiplex always will be with us, it 
is worth while devoting a great deal of at- 
tention to perfecting it. The International 
Communications Department therefore is 
working out with the landline laboratories 
an improved multiplex system based upon 
the following objectives: 


1. Precision, standard-speed master forks at each 
station, 

2. Full use of the signaling capacity of each cable 
or landline section, including the use and recom- 
bining of fractional channels and provision for de- 
riving various channel speeds. 
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3. Maintenance of synchronism through condi- — 
tions of poor transmission and long periods of | 
interruption, 


4. Isolation of sections and complete regeneration, — 
outward as well as inward, 


5, Provision for stopping circuits for regulating 
or patching, with automatic, error-free restarting. — 


6. Direct patching of any inbound channel to any 

outbound channel without polarity- or speed-match- 
ing, including translation from multiplex to tele-_ 
printer, and vice versa. ’ 


7. Gauged construction; miniaturized, nonmar-— 
ginal apparatus. . 4 


This development will lend itself to full | 
realization of the additional capacity which 
will be obtained through the submerged re- | 
peaters, as discussed in the paper by J. J. 
Gilbert. 

Although the results of the projected | 
program can only be assessed in prospect at 
the present time, it may be that results on 
the cables will be reflected ultimately in the | 
landline system—a situation the reverse of | 
that which hitherto has recurred so often. __ 
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F. B. Bramhall and L. A. Smith: Unfor- | 
tunately, the authors can report only that 
universal use of FM voice-frequency carrier | 


parison of the FM and AM methods, as Mr. | 
Shanck points out, would indeed be of great | 
interest. The differences in operating prac- | 
tices and in methods of judging performance | 
between two large operating companies, i I 
however, make such a comparison difficult, if | 
not impossible. The authors have the high- 
est regard for the FM-AM comparisons re- — 
ported by J. R. Davey and A. L. Matte (see — 
reference 6 in the paper), but take exception | 
to the implication that voice-band media on | 
which telegraph channels are operated are _ 
ever sufficiently stable and noise-free to — 
vitiate the FM advantage. 


AIBE TRANSACTIONS 


Some Effects of Lightning Arrester 
Protective Characteristics and Location 
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| 
HE purpose of this investigation was 
| to study the protection provided by 
_ lightning arresters of different protective 
ability located at various distances from 
the protected apparatus. Quantitative 
| correlations of basic insulation levels and 
_ surge voltages are not considered. 
Valve lightning arresters of 97-kv rating 
and various capacitors were connected 
_ to one end of a 1-mile test line. An im- 
pulse generator was discharged into the 
| otherend. This circuit was used to simu- 
late 115-kv station equipment connected 
_ toa line with one mile of overhead ground- 
_ wire protection. 
_ Relative protection afforded by light- 
_ ning arresters of different discharge volt- 
ages singly and in combination was stud- 
ied, The transformer was always repre- 
sented by a 3,100-micromicrofarad capac- 
itor! Accessory equipment (circuit 
_ breakers, and so forth) was represented by 
- 213- and 1,000-micromicrofarad capac- 
| itors. The test surge was a full wave of 
crest value slightly below that which 
_ would spark over representative 115-kv 
line insulation. 
_ Table I summarizes tests performed and 
_ crest voltages at the “‘transformer.” 
_ The discharge voltage of a lightning 
_ arrester connected near apparatus such 
:. transformer may be higher than that 
ased upon the lightning arrester charac- 


er 51-63, recommended by the AIEE Protective 
evices Committee and Transmission and Dis- 
ibution Committee, and approved by the AIEE 
echnical Program Committee for presentation at 
AIEE Winter General Meeting, New York, 
Y., January 22-26, 1951. Manuscript sub- 
d October 24, 1950; made available for print- 
E December 8, 1950. 
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teristic and the magnitude and wave 
shape of the incoming surge alone. This 
is because the capacity of the apparatus 
adjacent to the lightning arrester is 
charged to lightning arrester sparkover 
voltage and then discharges through the 
lightning arrester at an initial rate of 
current rise which may exceed that of the 
incoming surge while concurrently the in- 
coming surge front continues to arrive. 

Care should be used when applying 
field data on rate of current rise through 
lightning arresters in stations. If the 
data were obtained from lightning ar- 
resters mounted directly adjacent to 
transformers, it would not be correct to 
use these rates of current rise in analytical 
or miniature system studies involving 
separation of the lightning arrester and 
the transformer. 

Low lightning arrester impulse spark- 


Figure 1 (below). 97-kv arrester connected 


for test with impulse generator in background 
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over voltage is important because it con- 
trols the voltage to which the capacity of 
the connected apparatus is charged be- 
fore lightning arrester discharge. This in- 
fluences the maximum lightning arrester 
discharge voltage even though this may 
be higher than the initial sparkover volt- 
age. 

Two normal 97-kv lightning arresters 
in parallel were the equivalent of one 
lightning arrester of 87 per cent normal 
discharge voltage characteristic during 
these tests. See Table I, tests 1 and 4. 
Currents of the parallel lightning arresters 
divided about equally. 

Two parallel lightning arresters at the 
transformer resulted in lower crest voltage 
at the transformer than with one at the 
transformer and one ahead of the trans- 
former. See Table I, tests 1, 16, and 17. 

As others have shown,”**5° distance 
between the lightning arrester and pro- 
tected apparatus adds to the crest surge 
voltage at the apparatus. 

In protecting both transformer and 
accessory equipment an additional light- 
ning arrester at the accessory equipment 
is of benefit in reducing the voltage at 
both, providing a lightning arrester is al- 
ready located at the transformer. A 
lightning arrester at only the accessory 
equipment may be inadequate. 

With a lightning arrester at both ac- 


Figure 2. Surge of 590 kv at ‘'station’’ end 
of 1-mile test line, with line terminated in 450- 
ohm characteristic impedance 
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Table |. Crest Voltage at ‘‘Transformer'’ for Various Test Conditions 


cessory equipment and transformer the 
surge current and voltage were higher at 
the transformer than at the accessory 
equipment. 


_ ARRESTER @ 
"TRANSFORMER" IN 
PARALLEL 


ARRESTER ONLY 


ARRESTER 


_ ARRESTER ff c 
VOLTAGE 


VOLTAGE 
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Test Method 


An impulse generator was discharged 
into a 1-mile test line of 4/0 aluminum 


Figure 3 (left). Lightning 

arrester voltage and current 

with and without 3,100-micro- 

microfarad ‘“‘transformer” in 
parallel 


Figure 4 (right). ‘‘Transformer’” 
voltage with lightning arrester 
at the ‘transformer’ and with 
the lightning arrester 50 feet 
ahead of the "transformer" 
with 30 feet down leads 
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Accessory** E 
Equipment Crest 
Capacity, Transform 
Micromicro- 
Test Lightning Arrester Location Type of 97-kv Lightning Arrester farads 
1 LOEB ins aA ae a: hile RAO Oelee e aeE : BRC ort ,3 ee 
ce Mi eS acts ancliy. SUMP AE cat she a terete eke tsy S15 ake eae Osea ST tea 93% normal discharge voltage...........-  Qsesceeeeee z 
2 are a Pc operate at yeas aes 88% normal discharge voltage............ ° ase apnelaeete Be Ei 
EPMO SDOn Dat “transformer” r.-c1c.oisis. c.e.s'e Sie ie.0 cia ialls © pre/syofeielereloleraiyvirie)s/ere!siami=taayaly Both normal. 20a a 19 ee ’ 
st mele eteistelelsjecs At “transformer’’ <j... 50.0 reise icjeis + oiele ¢ #/0ieie! 9 e)e/mlnlalal arn wivielolelelein=sec= Normal... ot eee 1, 000s ee eee tod . 
7 } Normals. s.2::0 ss esas we ene anette aes aac Gea rn 4 
- i - LION, Jehe.S lotetOn charatais helen ae NAT eKOTe 93% normal discharge voltage............ O.s.sss,25. 
— a ee) el ela aay inser 88% normal discharge voltage............ OU sateen 117 t 
10 Notral ic. 205 60 Saws eine one eee e BTN ert res % 
~ i -ft, T EOL ye cis: ch cQetarorstar sin siaechatey ate veraleleenrtcoee 93% normal discharge voltage............ 0.......... 
o j get Se a Te ela eit 88% normal discharge voltage............ OS eee 131 : 
13 Normal sca .siaiscies S-cicessteacdlete al eeehatoteren raed OD eesti 147 i 
YAS venicenswteres 50-ft. separation, 30-ft. Viconnection. 2.00.0. e cee eens seen ce eees 93% normal discharge voltage............ O55 aaeyotraetg a 135 i 
15 88% normal discharge voltage............ Ou Sah eee. 131 i 
UG cecur acces At “‘transformer’’ and 15-ft. separation, 10-ft. T-connection.......... Both ‘normals. c0:. 15 sche na citaceare ts hres aera Ovncaveternmerne m4 
fan iad cao At “transformer’’ and 50-ft. separation, 30-ft. T-connection.......... Bothy norasall, sjslerctere acrero cteiepalvievare toteistetatnyy Oviaante ete & 
18 Nogifial occ: c.icaacede ie oe ae 213.5 wales 144 @ 
19 93% normal discharge voltage.......-.... 2195, Canteen me r 
: . 1 discharge voltage............ 218, nigel storie ‘ 
a acdlalelsiacerecores Atiaceessory~equipment Ca pacitysunce se ardeiisisininte cir ia ele aleie sireteiserers Ss a Rcares 2 pecs : a ae 10008 ee “7 
22 93% normal discharge voltage............ 1 000.) eer 141 é 
23 88% normal discharge voltage............ T O00) (venta 139 q 
24 Normal ry. on actsacersll tales toe tetn inegu er rene cae 218) ervaninetare 168 a 
26: 93% normal discharge voltage............ 218% n.renee ae 
isch tare s\s:s.acrgstee ens 2183. seen eae 49 
a Mone pets Ahead of accessory equipment capacity, 30-ft. down lead............ AON a be eos ee: oe . 1000... eee 153 ‘ 
28 93% normal discharge voltage............ 1 000. cneuneeane 146 4 
29 88% normal discharge voltage............ 1,000 ....cemeenerae 140 { 
30 Normal valve element alone............... SURO Gio 114 : 
ST atateratfezeteratere ACS transformer. t6.\. a9 a's laiale2's sa. dogtaks en erarstaeiaws sad egiteyl eraivies eae cea 110% normal sparkover voltage.......... 0:2) eee 128 ‘ 
32 120% normal sparkover voltage.......... Ostor 4 -132 j 
33 “ ” . : : Both normal... sti rece pee ene ZLB wayeeraentens 113 4 
oat BAOAUOdA oan At “‘transformer’’ and accessory equipment capacity................ Both norsiall ©. cee eee ae 1,000. ee 111 
oe 
* Per cent of 298-kv front-of-wave sparkover voltage of 97-kv lightning arrester. Es 
** 50 feet ahead of “‘transformer’’ with 30-foot V-connection. ‘ : 
4 
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cable steel-reinforced conductor. At the 
receiving end of the line, valve lightni 
arresters were used to protect various 
combinations of capacitors representin; 
a transformer and accessory  statior 
equipment under surge conditions. This 
test was used to represent a surge enter- 
ing a 115-kv station over a line with one 
mile of overhead ground-wire protection 
Figure 1 shows a 97-ky lightning arreste1 
connected for test with the impulse gen: 
erator in the background. 5 
With the line terminated in its charac: 
teristic impedance of 450 ohms, the surge 
delivered into the line was negative 650: 
kv, 0.4 by 20 microseconds, representing 
surge which would not flash over the 115. 
kv insulation at the end of ground- 
protection. At the receiving end 
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GREST TRANSFORMER SURGE VOLTAGE 
(% OF 298KV SPARKOVER VOLTAGE OF 97KV ARRESTER) 


85 90 95 100 


ARRESTER DISCHARGE VOLTAGE CHARACTERISTIC 
(%OF NORMAL 97KV ARRESTER CHARACTERISTIC) 


Figure 5. Crest voltage at 3,100-micromicro- 

farad “‘transformer’’ as function of lightning 

arrester discharge voltage characteristic for 

various lightning arrester separations and lead 
lengths 


(B) 


Figure 6. Test circuit representing trans- 
former and accessory equipment with lightning 
arrester at accessory equipment 


‘surge was attenuated and distorted to 
-690-ky, 3 by 27 microseconds. This rep- 
‘resents the surge arriving at the station 
before being modified by line termina- 
tion, lightning arrester, and various sta- 
tion capacities. Figure 2 shows the front 
of this wave. 

_ For comparison, all voltage values are 
teferred to front-of-wave sparkover at 
-AIJEE rate of the 97-kv Thorex, type 
GP-97 , lightning arrester (298 kv) as 100 
per cent. During the first few micro- 
seconds that an impulse wave is impressed 
across a transformer, the important elec- 
rical characteristic is the line-to-ground 
capacity of the transformer.' A 3,100 
omicrofarad capacitor was used to 
represent the transformer and will be re- 
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GREST"TRANSFORMER’ SURGE VOLTAGE 
(% OF 298 KV SPARKOVER VOLTAGE OF 97KV ARRESTER) 


85 90 EC ) 100 
ARRESTER DISCHARGE VOLTAGE CHARACTERISTIC 
(% OF NORMAL 97KV ARRESTER CHARACTERISTIC) 


Figure 7. Crest voltage at 3,100-micromicro- 

farad ‘‘transformer’’ as function of lightning 

arrester discharge voltage characteristic— 
lightning arrester at accessory equipment 


ferred to as the “‘transformer.’’ Repre- 
sentation of a transformer under surge 
conditions by a capacitor probably re- 
sults in greater voltage oscillations than 
if a 115-kv transformer had been used.* 


Effect of Transformer on Lightning 
Arrester Current 


Although the transformer capacity 
tends to decrease the slope of an incoming 
voltage surge, its effect on lightning ar- 
rester discharge current may be the op- 
posite. The transformer capacity is 
charged to lightning arrester sparkover 
voltage and then discharges through the 
lightning arrester at a rate of current rise 
which may exceed that obtained if the 
lightning arrester had been connected to 
the line by itself. 

Figure 3 shows voltage and current 
oscillograms taken with the line ter- 
minated by a, 97-kv lightning arrester 
alone and the same lightning arrester and 
a 3,100 micromicrofarad “transformer” in 


Table Il 
Lightning 
97-kv Arrester 
Lightning and 
Arrester Transformer 
Alone in Parallel 
Crest lightning arrester 
voltage, per cent™®. 0.05 | LOM. 123 
Crest lightning arrester 
current, amperes..........2,350......2,410 


Effective rate of current 
rise, kiloamperes per 
microsecond (10%-90%).. 1.8...... 4.4 


Oo 24 
MIGROSECONDS 


Figure 8. ‘‘Transformer’’ and accessory equip- 
ment capacity voltage with lightning arrester 
at accessory equipment capacity 


parallel. The total lead length between 
the lightning arrester and the capacitor 
representing the transformer was five 
feet, the minimum possible length con- 
sidering difference in height between the 
lightning arrester and the capacitor. 
The voltage divider was connected 
directly across the lightning arrester ter- 
minals. In Table II the voltage and cur- 
rent measurements from these oscillo- 
grams show quantitatively the effect of 
the “‘transformer”’ in increasing the rate of 
current rise through the lightning ar- 
rester and the lightning arrester voltage. 


Effect of Lightning Arrester . 
Sparkover Voltage 


The margin of protection afforded by 
lightning arrester sparkover voltage often 
is greater than that of the discharge volt- 
age. Therefore the discharge voltage 
frequently is considered more important 
when establishing lightning arrester pro- 
tection practice. However, in the pro- 
tection of station equipment against in- 
coming surges, the sparkover voltage con- 
trols this discharge voltage to some de- 
gree by controlling the voltage to which 
the capacity of the protected apparatus is 


Table Ill 
Crest 
Lightning 
Arrester 
Discharge 
Voltage, Table I 
Per Cent* Test 
97-kv lightning arrester 
valve element alone (no 
Seties: gap) ieon.ay dene sties.ss 6 Arey he eeecene 30 
Normal 97-kv lightning ar- 
IIe a AORN ES © C niCa NENG ERCTORE RCE DS cor oraerree 1 
Impulse sparkover voltage 
10% above normal.......... 2B ys 31 


Impulse sparkover voltage 


20% above normal..........182.......+: 32 


* Per cent of 298-kv front-of-wave sparkover 
voltage of Thorex type GP-97 lightning arrester. 


* Per “cent of 298-kv front-of-wave sparkover 
voltage of Thorex type GP-97 lightning arrester. 
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ACCESSORY 


.00unE EQUIPMENT 
FO CAPACITY 
(A) 
SOFT. 
ACCESSORY 
eetet EQUIPMENT 
Teese —L capacity AND 


Ej ARRESTER 


(8) 


Figure 9. Test circuits representing transformer 

and accessory equipment with lightning ar- 

rester at transformer and at both transformer 
and accessory equipment 


charged. To study this effect, tests were 
made with the line terminated by the 
3,100-micromicrofarad “transformer” 
in parallel with different 97-kv lightning 
arresters. These were: a normal 97-kv 
lightning arrester, 97-kv lightning ar- 
resters with gap elements having 110 and 
120 per cent normal sparkover voltage, 
and a 97-kv lightning arrester valve ele- 
ment with no gaps. As in the tests in the 
preceding paragraph the minimum pos- 
sible lead length of five feet was used to 
connect the lightning arrester and the 
capacitor. Table III shows the effect of 
varying series-gap sparkover voltage upon 
crest lightning arrester discharge voltage. 


Effect of Lightning Arrester 
Separation and Lead Length 


The following test results confirm what 
others*5® have found in more detailed 
studies: lightning arrester lead length and 
separation should be kept to the minimum 
for best protection. 

A normal 97-kv lightning arrester pro- 
tecting the 3,100-micromicrofarad ‘“‘trans- 
former”’ allowed the crest voltages shown 
in Table IV. 


Table IV 
Crest 
Transformer 
Lightning Voltage, Table I 

Arrester Connection Per Cent* Test 
At transformer 2.556. cccelean 2S Nclemeaiete 1 
15-ft; separation... .c.a an. 130 Raa ern 7 
10-ft. T-connection 

50-ft. separation............., ATs setesay cca 10 
30-ft. T-connection 

50-ft; separation. ..caiwaliauck on DAT ert. « 13 


30-ft. V-connection 


* Per cent of 298-kv front-of-wave sparkover 
voltage of Thorex type GP-97 lightning arrester, 


Note that for thesé particular tests the V-connec-_ 


tion showed no benefit over the T-connection. 
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Figure 10. ‘“'Transformer'’ and 


accessory 
equipment capacity voltage with lightning 
arrester at transformer 


Figure 4 shows oscillograms of “‘trans- 
former” voltage with the lightning ar- 
rester at the ‘“‘transformer’’ and with the 
same lightning arrester separated 50 
feet, with 30-foot down leads. Voltage 
peaks of this type naturally are not as 
severe on all forms of transformer insula- 
tion as longer waves of the same crest 
value.67 For major insulation, how- 
ever, their severity is about as great as for 
longer waves. 


Effect of Lower Lightning Arrester 
Discharge Voltage 


In addition to the normal 97-kv light- 
ning arrester, special lightning arresters 
with 7 and 12 per cent of the valve ele- 
ment removed also were tested. These 
represented 97-kyv lightning arresters of 
93 and 88 per cent normal discharge volt- 
age characteristic. 

When connected directly across the 
3,100-micromicrofarad “transformer” 
their crest voltage was proportional to the 
valve element, as expected. That is, 
those with partial valve elements al- 
lowed crest discharge voltages of about 7 
and 13 per cent less than the normal light- 
ning arrester (see tests 1,2,3 of Table I). 

When these special lightning arresters 


Table V 
Crest 
' : Transformer 
Second Lightning Voltage, Table I 
Arrester Location Per Cent* Test 
NO ey oe... TP ee 1 


At ‘‘Transformer’’ 


~* Per cent of 298-ky front-of-wave sparkover 


voltage of Thorex type GP-97 lightning arrester, 
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Figure 11. ‘‘Transformer’’ and acce 
equipment capacity voltage with lightn 
arresters at ‘transformer’ and accessory equi 
ment 


were separated from the transformer, the 
crest voltage at the ‘“‘transformer”’ quickly 
exceeded that obtained with a normal 
lightning arrester connected directly at 
the ‘‘transformer.” Figure 5 shows the 
crest voltages at the 3,100-micromi 
farad “transformer” as a function 
lightning arrester discharge voltage char- 
acteristic for different arrester separati 
and lead lengths. These are tests 1—3 ane 
7-12 of Table I. 


Protection With Two Lightning 
Arresters 


With one lightning arrester at 
“transformer” and a second lightning 
rester ahead of them, the transformer 
surge voltage was reduced. Howe 
with the second lightning arrester separa 
tions studied (15 and 50 feet), the trans- 
former lightning arrester still dischargec 
the heavier current. ¥ 

The most effective use of the second 
lightning arrester in reducing transform 
voltage was in parallel with the othe 
lightning arrester at the transformer. 
This was equivalent to a single lightning 
arrester of about 13 per cent lower dis- 
charge voltage in protective ability. 
Currents through the two parallel light- 
ning arresters were substantially equal in 
crest value and wave shape. q 

Table V lists crest ‘“‘transformer’’ surge 
voltage when protected by normal 97-kv 
lightning arresters, one at the “trans: 
former” and the second at the locatior 
shown. 


Protection of Both Transformer and 
Accessory Equipment 


Using the circuits of Figure 6, tests 
were made to study the effect of a light- 
ning arrester at the accessory equipment 
on the protection of the transformer. In 
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Table VI 

Accessory Crest 

Equipment Voltage, Table I 

Capacity, mmf Per Cent* Test 

“Transformer’’ voltage. ............00eeeeeeees SIG es hh TOS se ARETE mean 5 
Accessory equipment capacity voltage........... Ter Gninatnn cn be Rai EG ie etn 5 
MSINET: VORTEC... ccc cee eens TE QO os x highs eacree es tt nds eR ean eke 6 
Accessory equipment capacity voltage........... 2 COBY Sac tery cok eck PRBS Cs wens eant 6 
SS ———————— 


* Per cent of 298-kv front-of-wave sparkover voltage of Thorex type GP-97 lightning arrester, 


Table VII 

Accessory Crest 

Equipment Voltage, Table VII 

Capacity, mmf Per Cent* Test 

Transformer’? BREED OR Nr cred oN yu stale nia suc tied ae BEB in ties we Meas PA Sita ep eahice sweets 33 
Sand equipment capacity voltage........... PIS tosses tase 8 TOO. cikic sstowiewrex ee 33 
% oe MANTLE a Oe POO sane mlstciete a wieatccs 1a: 2 eee er eae ae 34 
Accessory equipment capacity voltage........... BOO eters so cia oiehele OO ca Crewe Nas oe 34 


* Per cent of 298-kv front-of-wave sparkover voltage of Thorex type GP-97 lightning arrester. 


Figure 6(A) the lightning arrester was 
connected directly across the capacitor. 
In Figure 6(B) it was connected ahead of 
the capacitor by a 30-foot down lead. 
Figure 7 shows the crest voltages recorded 
at the “transformer” for values of 213 
and 1,000 micromicrofarads for the ac- 
cessory equipment and a 97-kv lightning 
arrester of 100, 93, and 88 per cent of 
normal discharge voltage characteristic. 
These are tests 18-29 of Table I. In no 
case, even with the lightning arrester of 
88 per cent discharge voltage charac- 
teristic, was the crest ‘‘transformer”’ 
voltage as low as with a normal lightning 
arrester at the transformer. Figure 8 
shows oscillograms of voltage at the sta- 
entrance and ‘‘transformer’’ with ac- 
pessory equipment capacity of 1,000 
micromicrofarads, 
_ With the circuit configuration of Figure 
9(A), and a normal 97-kv lightning ar- 
ester at the “‘transformer,” the crest 
voltages shown in Table VI were recorded. 
_ All these voltages, even at the accessory 


(¢ 


4 Discussion 


.. M. Opsahl (Westinghouse Electric Cor- 
tion, East Pittsburgh, Pa.): Mr. Kalb 
ibes a phenomenon wherein the addi- 
of apparatus capacitance of about 3,000 
omicrofarads in parallel with the light- 
arrester raises the lightning arrester 
scharge voltage above that which is nor- 
for the wave shape of the incoming 
ge. He attributes this phenomenon to 
e rapid rate of discharge of the apparatus 
icitance into the lightning arrester valve 
sment after lightning arrester gap spark- 
rer. This explanation is not borne out by 
€ oscillograms of Figure 3 of the paper. 
ne voltage continues to rise across the 
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equipment, were below those shown on 
Figure 7 for the same capacity and circuit 
but with the lightning arresters at the 
station entrance. Voltages apparently 
are the same for either value of accessory 
equipment capacity. The crest “‘trans- 
former’ voltages from Table VI are 
shown on Figure 7 for comparison. Figure 
10 shows oscillograms of voltage at the 
“accessory equipment” and ‘‘trans- 
former’’ with accessory equipment capac- 
ity of 1,000 micromicrofarads. 

With the circuit of Figure 9(B) and 
normal 97-kv lightning arresters at both 
the ‘‘transformer’’ and accessory equip- 
ment, the crest voltages shown in Table 
VII were recorded. 

Figure 11 shows oscillograms of voltage 
at the ‘“‘accessory equipment” capacity 
and ‘‘transformer,”’ with accessory equip- 
ment capacity of 1,000 micromicrofarads. 

Comparing these voltages with those of 
Table VII shows the benefit obtained in 
reduction of crest surge voltage by the 
addition of a lightning arrester at the 


accessory equipment. Voltages appar- 
ently are the same with 213 micromicro- 
farads as with 1,000 micromicrofarads. 

These tests confirm that in the protec- 
tion of station equipment against incom- 
ing surges, lightning arresters should be 
located near each transformer. Addi- 
tional lightning arresters at the accessory 
equipment are of considerable benefit, but 
without lightning arresters at the trans- 
formers they may be inadequate. 

The voltages considered in this study 
are crest voltages of relatively short dura- 
tion, and their relative magnitude may 
not be an infallible indication of the rela- 
tive severity of the various voltage surges 
with regard to all aspects of equipment 
insulation.*”’ However, they should in- 
dicate the relative protection afforded 
major insulation by the different lightning 
arresters and connections studied. 
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capacitance while it is said to be discharging 
into the lightning arrester. A capacitance 
absorbs energy while the voltage is rising. 
The voltage across a capacitance must fall 
when it discharges. The voltage across the 
capacitor (and lightning arrester) does not 
fall in Figure 3 of the paper, so that the 
capacitor can discharge some of its energy 
into the lightning arrester, until after it 
reaches the excess of voltage crest. 

We made a test using a circuit in which 
the time to current crest and the current 
crest were reasonably independent of the 
load or termination, as was the case in Mr. 
Kalb’s test. Apparatus capacitance which 
was large enough to absorb an appreciable 
amount of surge current energy slopes off 
the front of the voltage applied to the light- 
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ning arrester. This delays the build-up of 
voltage to lightning arrester gap sparkover 
while the capacitor is absorbing all of the 
incoming surge current. After the lightning 
arrester gap sparkover, the lightning ar- 
rester finally takes all of the incoming 
surge current in order to limit the voltage. 
Because of the delayed starting of the light- 
ning arrester current, the time to crest light- 
ning arrester current is decreased or, rather, 
the rate of rise of lightning arrester current is 
increased. The capacitor discharges its 
energy through the lightning arrester after 
the lightning arrester voltage begins to fall, 
that is, after any abnormal peak in the 
lightning arrester voltage, but not before. 


A small-capacitance, suchas an apparatus 


bushing, absorbs so little energy and delays 
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the build-up of lightning arrester current for 
so small a percentage of the total time to 
crest current that its effect is quite negli- 
gible. 

The discharge voltage valve 
lightning arrester is somewhat dependent on 
the rate of rise of the surge current. The 
higher rate of rise of current through the 
lightning arrester with capacitor in parallel 
results in a short-time overvoltage across 
the lightning arrester. This overvoltage 
effect also is dependent on the diameter of 
the valve block. A lightning arrester known 
to the industry as “‘station type” had a small 
or negligible excess voltage rise in compari- 
son to the smaller size lightning arresters 
known as “‘line type’ when tested in this 
circuit. 
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I. B. Johnson and L. E. Saline (General 
Electric Company, Schenectady, N. Y.): 
The author presents interesting laboratory 
data on the effects of lightning arrester loca- 
tion and on the effects of connected appa- 
ratus and lightning arrester sparkover volt- 
age on lightning arrester discharge currents 
caused by traveling wave voltages arriving 
over a 1-mile overhead line. 

In this study one observation emphasized 
by the author is that the discharge voltage 
of a lightning arrester connected near pro- 
tected apparatus may be higher than that 
resulting from the discharge of an incoming 
surge for which the effects of connected 
apparatus are not involved. And while this 
is demonstrated for a lightning arrester con- 
nected near apparatus—five feet of separa- 
tion between the capacitor or ‘“‘transformer” 
and the lightning arrester—the primary 
question is: What is the voltage on the 
capacitor or transformer being protected? 
Is it to be implied where data are given in 
the paper on crest lightning arrester dis- 
charge voltage for separations of five feet 
and on crest ‘transformer’? voltage for 
separations of 15 and 50 feet that these were 
the crest voltages also measured at the 
“transformer’’ and the lightning arrester, 
respectively? 

It is interesting to note that the current 
oscillogram of Figure 3 of the paper for the 
case of a lightning arrester and transformer 
in parallel can be approximated, using 
lumped circuit theory _and the concept. of 
superposition. That is, the total lightning 
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Figure 1. Calculated 
lightning arrester 
discharge currents 
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arrester current is made up of two compo- 
nents: one due to the traveling wave line 
current after lightning arrester sparkover 
and the other due to initial capacitor 
(‘transformer’) charge. The first com- 
ponent may be assumed to be approximately 
that given in Figure 38 of the paper as 
“arrester current with arrester only.’”’ The 
second component can be calculated, assum- 
ing a simple series resistance-inductance- 
capacitance circuit. If the transformer 
capacitance C is charged to lightning ar- 
rester sparkover voltage (298 kv) and if R 
is the critical damping resistance (since the 
oscillograms in Figure 3 of the paper indi- 
cate at least critical damping of the oscilla- 
tory components), then, the lightning ar- 
rester current resulting from the discharge 


of Cis 


E _& 

1=— te 2 
iG 

where 


\" 
R=24/— 
C 


Using L=10 microhenrys for the total in- 
ductance of the capacitor-lightning arrester 
loop with C=3,100 micromicrofarads and 
R = 113.4 ohms, the calculated discharge 
due to the charged capacitor is shown in 
Figure 1 of this discussion, which also shows 
that the calculated “total lightning arrester 
current”? agrees very closely in magnitude 
with that shown in Figure 3 of the paper. 
The calculated effective rate or rise of cur- 
rent, however, is somewhat higher than that 
measured, indicating perhaps that the loop 
inductance in the paper was higher than the 
10 microhenrys assumed in the calculation. 

This simple analysis tends to lend a sup- 
porting argument to the observation that 
field measurements of lightning arrester dis- 
charge currents should involve an interpre- 
tation of the circuit configuration on the 
magnitude of its influence on the rates of 
rise and crest magnitude of the lightning 
arrester discharge currents. 

In a previous study by the present writers! 
on the effects of lightning arrester lead 
length and separation, it was indicated, for 
separations of ten feet or more between the 
lightning arrester and the capacitor or trans- 
former, that the voltage to which the ca- 
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pacity of connected apparatus is,,charged 
before lightning arrester discharge tends to 
decrease the oscillatory crest voltage at the 
transformer below that which would be ob- 
tained with no initial voltage on the capaci- 
tance of the connected apparatus. In this 
regard it would have been of interest for the 
author to have extended the study of the 
effect of lightning arrester sparkover voltage 
on crest lightning arrester discharge voltage 
and crest transformer voltage beyond the 
one reported for separations of five feet be- 
tween lightning arrester and transformer to 
the other cases considered of 15- and 50-foot 
separations. 

In connection with two parallel lightning 
arresters at the connected apparatus, the 
question is raised on the discharge ability of 
each lightning arrester to be used to handle 
currents of low magnitude but relatively 
long duration (several thousand micro- 
seconds) caused by lightning or switching 
surges, particularly where these surges are 
such that only one lightning arrester may 
spark over. 

Finally, it is to be mentioned again that 
the paper is concerned only with lightning ar- 
rester discharge currents resulting from trav- 
eling waves arriving over one mile of over- 
head line. Other lightning arrester discharge 
currents that may be more severe result 
from strokes near or at the lightning ar- 
rester even on systems with overhead 
ground wires. An example of this in the 
literature? is a lightning arrester discharge 
current of 16,000 amperes in a 132-kv sta- 
tion. The stroke occurred within 400 feet 
of the station even though the station and 
line were shielded. It appears, therefore, 
that lightning arrester discharge currents 
from strokes near or at lightning arresters 
should be evaluated in their effects on 
lightning arrester protective characteristics 
and location with regard to the station 
apparatus being protected. 
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I. W. Gross (American Gas and Electric 
Service Corporation, New York, N. Y.). 
The study by Mr. Kalb is particularly inter- 
esting as it reports actual tests simulating 
what may be expected in practice. In this 
respect, it is somewhat more convincing 
than where theory alone is applied. 

Some 15 years ago, when commercial im- 
pulse testing of transformers was. first 
started, we initiated a test whereby an im- 
pulse voltage surge much in excess of the 
transformer strength was applied to the 
transformer with the lightning arrester 
directly connected at or near the trans: 
former terminals. It was shown there that 
with steep front surges applied to the trans 
former and a separation of 25-50 feet be. 
tween the lightning arrester and the trans 
former, the voltage at the transformer coulc 
be as much as 50 per cent higher than that 
measured at the lightning arrester. Also 
some rather surprising information was ap 
parent on the lightning arrester performancé 
which differed radically from data on light 
ning arresters published at that time. Thi: 
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test, in a sense, somewhat simulates the test 
method employed by Mr. Kalb and gave 
comparable results. 

It is shown clearly in Figures 4 and 8 of 
the paper that the voltage at the trans- 
former, where the lightning arrester is some 
distance away, rises sharply for a short 
period of time and then drops to a value 
near the lightning arrester protective level 
(IR drop). 

The steep front test on transformer 
insulation ‘is important, to insure that 
a commercial transformer does have the 
relatively high voltage strength at short 
times which it is supposed to have. The 
chopped wave test alone now used is not 
sufficient for this purpose. 

The better protection reported by multi- 
ple lightning arresters at a given location is 
most interesting. It does, however, raise 
two points. First, can commercial lightning 
arresters be relied upon to have sufficiently 
close tolerance so that if one lightning 
atrester functions the other also will come 
into action? It would seem that after one 
lightning arrester operated and limited the 
voltage, the other lightning arrester would 
not come into action at all. Perhaps the 
author has an excellent explanation why 
this did not occur in his tests. The other 
point is, why not increase the cross section 
of the active element in the lightning ar- 
rester and accomplish the same result as 
two lightning arresters in parallel? 

It is brought out clearly in the author’s 
tests that the “distance factor’ has to be 
considered and evaluated in the over-all pro- 
tection of a station. The idea that the im- 
yulse level for a given system voltage can 
a the same in all parts of the station and 
all the equipment can be equally well pro- 
tected is fallacious unless a lightning ar- 
rester is placed at or close to every piece of 
‘equipment i inthe station. This, of course, is 
impractical. It seems preferable to place 
different classes of equipment at different 
uulse levels in a station if only one set of* 
tning arresters is used; or a different 
wpoint can be taken: that the most ex- 
ive and important piece of equipment 
h as the transformer) will be protected 
the lightning arrester and a calculated 
‘tisk will be taken on breakdown of insula- 
on at other points in the station. 
B. Howard (General Electric Company, 
Pittsfield, Mass.): Mr. Kalb’s tests have 
emonstrated a phenomenon long familiar 
those who have tiade laboratory impulse 
s on transformers and lightning arresters 
in combination. Whether or not there will 
an appreciable increase in lightning 
ester discharge voltage produced by 
-rate current discharge from adjacent 
ratus capacitance is, however, some- 
t dependent on the nature of the circuit 
ying the impulse current to the appa- 
ightning arrester combination. 
the tests, an impulse generator of finite 
city was coupled to the apparatus under 
by a 1-mile 115-kv class transmission 
ing a surge impedance of 450 ohms. 
ler these conditions, the current reach- 
line termination was essentially a 
aveling wave, limited by the line 
impedance and the line-insulation 
ver level (about 650 kv). The light- 
atrester current would have had a 
ical maximum of 2X650/450= 
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2,900-ampere crest, which is a reasonably 
close check on the 2,350-ampere crest re- 
ported by Mr. Kalb through a 97-kv light- 
ning arrester alone with a 650-kv surge im- 
pressed. The difference, of course, is ac- 
counted for primarily by the effect on the 
crest current of the lightning arrester im- 
pedance itself. 

Similarly in Mr. Kalb’s tests, when the 
lightning arrester is paralleled by the “‘trans- 
former” capacitance, the 450-ohm surge 
impedance of the supply circuit confines the 
flow of current from the capacitance, after 
lightning arrester sparkover, to the local 
circuit consisting of lightning arrester, 
paralleling capacitance, and whatever small 
impedance exists between the two. It is not 
surprising, then, that the rate of rise of this 
local current would be high, and that it 
would produce the observed increase in 
lightning arrester discharge current and 
voltage. 

Consider now the currents which have 
been measured in field investigations of dis- 
charges through lightning arresters in sta- 
tions up to the 138-kv class. An average of 
the results of several of these investiga- 
tions!~* will show that about 5 per cent of 
the lightning arrester discharge currents 
will exceed 5,000 amperes crest; about 1 
per cent, 10,000 amperes. These currents 
are far in excess of the theoretical maxima 
which could result from free-traveling-wave 
currents over line surge impedance without 
flashover of line insulation, even allowing 
for the small increase resulting from the 
apparatus-capacitance discharge into the 
lightning arrester at sparkover. 

It is obvious that Mr. Kalb’s approach, 
based on a free traveling wave over line 
surge impedance, cannot take care of a sub- 
stantial percentage of lightning arrester dis- 
charge currents measured in service. In 
fact, nearly 15 per cent of the measured 
lightning arrester discharge currents exceed 
the 2,410-ampere maximum reported by 
Mr. Kalb from his tests. Yet it is upon 
these higher currents that practical insula- 
tion co-ordination must be based. There- 
fore, his conclusions, generally speaking, are 
open to question, since they are based on 
assumptions incompatible with the more 
severe service conditions. 

The higher lightning arrester discharge 
currents measured in service are explainable 
on the basis of the lightning stroke contact- 
ing the circuit close to the protected appa- 
ratus. Under this condition, the lightning 
arrester discharge current would not—as in 
the tests—be limited by line surge imped- 
ance, but would depend primarily on the 
characteristics of the stroke itself. Simi- 
larly, we are of the opinion that current dis- 
charged from apparatus capacitance into the 
lightning arrester at sparkover would have 
only a minor effect on lightning arrester dis- 
charge voltage at the higher levels of dis- 
charge current. 

Mr. Kalb has claimed that two lightning 
arresters operating directly in parallel will 
provide a lower discharge voltage than one. 
In addition to the obvious disadvantages of 
higher cost and greater space requirement, 
the second lightning arrester in this arrange- 
ment can only spark over as the result of 
discharge voltage appearing across the first 
lightning arrester to operate. For any two 
individual lightning arresters in parallel, 
there will be some particular discharge cur- 


rent value below which the first lightning” 
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arrester would have to discharge the entire 
surge. 

Assuming a lightning arrester of balanced 
design, wherein the impulse sparkover is set 
at approximately the discharge voltage level 
selected for insulation co-ordination, the 
second lightning arrester would operate 
only for currents in excess of the co-ordina- 
tion current, say about 5,000 amperes crest. 
Hence, the required. margin of protection 
must be obtained with only one lightning 
arrester operating. The latter condition is, 
of course, satisfied by the balanced protec- 
tive levels available with the modern sta- 
tion-type lightning arresters, co-ordinated 
with modern apparatus insulation levels in 
all voltage classes. 

Assuming a lightning arrester having 
unusually low sparkover compared to its 
discharge voltage, there are possibilities of 
operating problems: first, from too low 
sparkoyer on 60-cycle voltage under certain 
service conditions; second, from unneces- 
sary operations of the lightning arrester on 
switching surges, 

For the latter case, the lightning arrester 
current associated with most switching 
surges will be so low that a parallel lightning 
arrester having a safe spark potential as re- 
lated to system power voltage will not spark 
over on the discharge voltage of the first 
lightning arrester to operate. Therefore, 
the second lightning arrester can offer no 
reinforcement to any inadequacy of dis- 
charge capacity of the first lightning ar- 
rester. However, many switching surge 
currents, being of very long duration com- 
pared to the usual lightning currents, con- 
stitute the most severe type of duty on the 
one lightning arrester that operates. 


This naturally raises the question of the 
lightning arrester’s ability to discharge 
without damage repeated long-duration 
low-current switching and lightning surges 
and multiple-stroke currents. During the 
evolution of station-type lightning arresters 
in the United States, long-duration dis- 
charge capacity has been an important de- 
sign criterion. The modern station-type 
lightning arrester has demonstrated by ex- 
tensive service experience its ability to with- 
stand successfully such discharge duty. 

Regarding the use of a second lightning 
arrester located at accessory equipment and 
applied primarily for the protection of that 
equipment, we have long advocated this 
practice. Such an application is, of course, 
predicated on the improvement in protec- 
tion to the accessory equipment obtained 
by minimizing the separation between the 
second lightning arrester and the accessory 
equipment. 

Mr. Kalb has reported no benefit in his 
tests from the ‘“‘V’’ connection of incoming 
line to the lightning arrester as compared 
with the ““T”’ connection. This is contrary 
to the results obtained in earlier tests by 
other investigators. In particular, the value 
of the ‘‘'V” connection in reducing total 
voltage at the apparatus terminals was first 
called to the attention of the industry in 
1931 by K. B. McEachron and E. J. Wade, 
and has received general acceptance in the 
industry for many years. 
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L. V. Bewley (Lehigh University, Bethle- 
hem, Pa.): Mr. Kalb gives test data show- 
ing that the lightning arrester voltage is in- 
creased somewhat by the presence of ter- 
minal capacitance. He explains that this is 
because the capacitance becomes charged 
to the lightning arrester sparkover voltage, 
and thereafter consitutes an additional 
source of energy discharging into the light- 
ning arrester. I should like to outline how 
this effect may be calculated, and to suggest 
that Mr. Kalb carry out such a numerical 
calculation corresponding to the character- 
istics and constants of the circuit which he 
tested. I cannot do so, as I do not have the 
lightning arrester characteristics. If Mr. 
Kalb will submit such a calculation I am 
sure that it will enhance the value of his 
paper, for once the matter has become pre- 
dictable its engineering value will have 
reached a most satisfactory state. 

The equivalent circuit for a traveling 
wave, e, on a line of surge impedance, z, 
terminating in a lightning arrester and 
capacitance in parallel is shown in Figure 2 
of this discussion. 

Before the lightning arrester gap sparkover 
the terminal voltage e corresponding to a 
typical traveling wave e=E(e %—¢~”) 
is, putting a=1/sC, 


1/pC 2e 2B(e te *) 
“= SS = 
1/pC+z 2Cp+1 zCp+1 
—at —di =A 
2aB| * en, habe =| a) 


a—a a—b (a—a)(a—b) 


Suppose the gap sparks over when this volt- 
age reaches some value ep= Eo at time t= 
t. Thereafter the capacitance charged to 
voltage Eo will discharge in parallel with the 
line into the lightning arrester. If the non- 


linear lightning arrester characteristic is On 
= f(eo), then 


: deo ‘ 
tc =C ae =capacitor current (2) 


t = (2e—e0)/z=line current (3) 
to—te =f(eo)=lightning arrester current (4) 


From equations 2, 3, and 4 of this discussion 
the ruling differential equation is 


dey _2e—e.—2f(e0) 
dts aaa (5) 
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taken as 


Since the lightning arrester has a nonlinear 
characteristic, it is necessary to solve this 
equation by some step-by-step or numerical 
method. Substituting increments for differ- 
entials and rearranging 


peste LCN (6) 


& 


and this is solved readily according to the 
tabular schedule in Table I: 


Table | 
t At 2e e0 Aeo f(e0) 
(1) (4) (6) (7) 
(2) (8) 
(3) (5) (9) (10) 


The first entry (1) is the time of gap spark- 
over fo. Adding to this a reasonable incre- 
ment Aft, (2), we find the new time (8). 
Corresponding to times (1) and (3) are the 
traveling wave voltages 2e, (4), and (5). 
As item (6) is the voltage Ho at sparkover as 
computed from equation 1 of this discussion. 
The initial lightning arrester current corre- 
sponding to Ep is entered as itein (7). The 
increment Ae in lightning arrester voltage 
is computed from equation 6 of this discus- 
sion and entered as item (8), which added to 
(6) gives (9). And corresponding to the 
new lightning arrester voltage (9) is the 
new lightning arrester current (10). The 
sequence of calculations is then continued. 

If the lightning arrester were a pure resist- 
ance R, then we would have 


Keo) =2 (7) 


and equation 5 would become 


deo 2e—e—e2/R 
dt 2G. 


(8) 


deo Rea 22 aay 
Lh cee (9) 


The solution to this equation, subject to the 
initial condition that e = Eo at t=fo, is 


ce Ol em 0 
&o= Fy —24( = je BE) 
B-a B-—b 


(= meee 

2B) —— ——— 10 
B—a = ine 
in which B=(R+z)/zCR. If there were 


no capacitance, the voltage at the resistance 
would be 


_2RE 
 R+z 


(« “=e ”) for C=0 


€0 


(11) 


A numerical comparison of equations 10 and 
il would show the effect of the capacitance 
i increasing the voltage, depending, of 
course, on the voltage Eo. 

A good approximation to the effect of a 
short length of line between the lightning 
arrester and the terminal capacitance is to 
replace the short length of line by its induct- 


ance L, as shown in Figure 3 of this discus- 
sion. , 


Then, if the lightning arrester voltage is 
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Figure 3 


eo=E(e Ye”) (2, 


the differential equation for voltage at the 
capacitance is : 


: 
d? =e a 
i +ec=e0= Ele wie ee) a f 


LC 


and the solution to this is, putting # = 


V1/LC, } 


wa wh 2 } 
ecc=E eto bet sin wt— § 


ae o? 
atin = pte? cos wih+ é 


E 
& 


wt alee | 
a?+-ot /bteas ] (14) 


i 


This equation includes oscillatory terms 0 
the same nature as those shown in Figures 4 
and 8 of the paper. It would be interesting 
and worth while if Mr. Kalb would under 
take a numerical comparison; for if a gooc 
numerical check is obtained, and the ap 
proximation thereby justified, then desigt 
curves can be prepared of considerable us 
to operating engineers. £| 


| 
R. L. Witzke and T. J. Bliss (Westinghous: 
Electric Corporation, East Pittsburgh 
Pa.): Mr. Kalb’s paper is a valuable addi 
tion to the available literature on the genera 
subject of insulation co-ordination and sub 
station protection. Laboratory tests, aj 
conducted by Mr. Kalb, give us results tha 
are very useful in checking similar studie 
made on the transient analyzer or analogui 
computer. Broad studies can be made t 
best advantage on the analyzer or compute) 
because of the inherent flexibility of the com 
puting devices. However, our faith in thi 
results obtained is improved considerably i 
the answers obtained compare fayorabli 
with laboratory and field tests. 
Figure 4 of the paper shows the voltage a 
a transformer, represented by a 3,100-micro 
microfarad capacitor, with the lightnin; 
arrester 50 feet ahead of the transforme 
and with a 30-foot downlead. In this tes. 
the author obtained a crest voltage of 43! 
ky at the transformer. As a matter of inter 
est, we checked this case using the analogu 
computer data in our paper ‘‘Co-ordinatio1 
of Lightning Arrester Location with Trans 
former Insulation Level’’.! Assuming al 
incoming surge having a rate-of-rise of 42° 
kv per microsecond and a crest of 590 ky 
which corresponds to the incoming surg; 
used by Mr. Kalb, we obtain a crest trans 
former voltage of 475 kv. Our voltage is | 
per cent higher than Mr. Kalb’s eve 
though we used a maximum lightnin) 
arrester discharge voltage based on a 10 X2I 
microsecond lightning arrester current 
This comparison shows that the procedure 
outlined in our paper are sufficiently con 
servative for general application purposes. 
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Calcuiation of Transformer Voltage 
by Method of Reference 1 


Incoming surge voltage from Figure 4 of 
the Kalb paper: 


e=590 kv 
de . ; 
ee) kv per microsecond 


Lightning Atrester and lead voltages: From 
Table VII of Reference 1: 


Nw 


Ey=314 kv 
R=8.3 ohms 
2 —314 
et esoka 
450+8.3 
Glas = 1.87 ka per microsecond 
dt 450 


L=30X0.4=12 microhenrys 
Lead drop 


bai 
= 29.5 k 
at uf 


TR = 15.7 
Ey =314 
Es =352.2 kv 


Transformer voltage: 


302.2 
r- ; =().835 microsecond 


s/v=50/1 ,000=0.05 microsecond 


s/v 
—— =0.06 
F 
ZC=450X 3,100 X 10-°= 1.4 microseconds 
RG 
-—— 11,68 
F 


From Figure 6 of Reference 1: 


E 
— = 1.35 


Ss 


DE,= 1.35% 352.2 =475 kv 
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_H. L. Rorden (Bonneville Power Adminis- 
tration, Portland, Oreg.): The rating of a 
lightning arrester is determined by the 
power frequency voltage which the lightning 
_ atrester is capable of sealing off. Once this 
level has been determined for a lightning 
_ arrester, it is desirable to maintain as narrow 
a margin as possible between this seal-off 
level and the discharge protective level. 
This margin, plus a factor of safety between 
the protective level of the lightning arrester 
and the basic insulation level of station 
equipment, determines the minimum insula- 


tion level to which station equipment may 
2 designed. Both of these margins, there- 
, contribute to the basic insulation level 
can be adopted for any operating volt- 
level. These margins are responsible 
a sizable fraction of the cost of high- 
tage transmission equipment, such as 
ansformers and circuit breakers. Ideally, 
lightning arrester protective level could 
the same as the lighting arrester rating or 
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seal-off level (crest), which undoubtedly can 
never be achieved in a valve-type lightning 
arrester. It is desirable to have the protec- 
tive level of a lightning arrester approach 
the ideal as closely as possible, since this will 
increase the protective margin according to 
present practice and may ultimately .con- 
tribute to revising basic insulation levels 
downward. This, in turn, contributes to 
the economy and efficiency of transmission 
of power at high voltages. 

In this respect, we are particularly inter- 
ested in Mr. Kalb’s contribution to the per- 
formance of lightning arresters for station 
protection. Mr. Kalb shows that by pro- 
viding a low lightning arrester impulse 
sparkover voltage, the maximum lightning 
arrester discharge voltage is lower even 
though its crest may be higher than the 
initial sparkover voltage. It seems desirable 
to maintain gap flashover as low as possible 
commensurate with the magnitude of surges 
for which the lightning arrester should not 
discharge. By reducing gap flashover, the 
protective level of the lightning arrester de- 
scribed by Mr. Kalb is reduced accordingly, 
which is a desirable step in lightning arrester 
performance. 

Mr. Kalb also has contributed further in- 
formation on the timely question of light- 
ning arrester separation from the protected 
equipment. It is our belief that consider- 
ably more work of this nature is desirable. 
Unquestionably, the lowest protective level 
is maintained when the lightning arrester is 
placed as near as possible to the protected 
equipment. However, present practice in- 
dicates that this close relationship is not 
always necessary, particularly in large sta- 
tions containing considerable distributed 
capacitance as well as a multiplicity of lines 
terminating on the bus. For the case of a 
single line entering a station with perhaps 
only a single transformer bank, the over- 
voltages at the transformer terminal could 
readily become important if the lightning 
arrester were located some distance away, as 
Mr. Kalb has shown. The question is com- 
plicated because the peak of the initial oscil- 
lation, as shown in Figure 4 of the paper, 
occurs within the time at which transformer 
insulation has a withstand strength some- 
what in excess of the critical level. 

Little data are available on lightning 
arrester location for stations representing 
various combinations of impedances. Of 


particular importance in the question of 
lightning arrester location is that of protec- 
tion for the circuit breaker if the lightning 
arrester is placed close to the transformer. 
Present practice indicates that it is not 
ordinarily necessary to provide separate 
lightning arrester protection for trans- 
formers and circuit breakers. However, 
when basic insulation levels are revised 
downward, this might prove to be a question 
of considerable importance. 


J. W. Kalb: With regard to Mr. Opsahl’s 
discussion, the paper does not attribute 
higher discharge voltage entirely to rapid 
rate of discharge of the apparatus capaci- 
tance into the lightning arrester valve ele- 
ment, but rather to the combined effect of 
the apparatus capacity which ‘discharges 
through the lightning arrester at an initial 
rate of current rise which may exceed that 
of the incoming surge, while concurrently 
the incoming surge front continues to arrive.” 

With this consideration it seems that the 
author and Mr. Opsahl are in basic agree- 
ment on the cause of these higher voltages. 
Calculations based on Figures 1 and 4 of 
this discussion show that there may be ini- 
tial discharge of the apparatus capacity into 
the lightning arrester which contributes to 
the increase in discharge voltage. Whether 
the apparatus capacity voltage quickly in- 
creases or decreases seems to depend upon 
values assumed for L* and the character- 
istics of J, of Figure 4 of this discussion. 

It is reasonable that this time-voltage 
effect is dependent upon valve block di- 
ameter, as Mr. Opsahl says, because of the 
lower current densities in larger blocks. 
However, such an effect need only be true 
for blocks of the same basic composition. 
If valve elements of different diameters 
have the same discharge voltage, this is 
evidence that comparison of other perform- 
ance aspects, on the basis of diameter alone, 
cannot always be employed. 

Mr. Gross asks two questions regarding 
parallel operation of lightning arresters: 
(1) Is the tolerance of commercial lightning 
arresters adequate to guarantee operation 
of the second lightning arrester? (2) Why 
not increase the valve block cross section of 
one lightning arrester and achieve the same 
results? 

Consider the 97-kv lightning arresters 
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used during the tests. The maximum front 
of wave sparkover voltage of these lightning 
arresters is 328 kv, using 808 kv per micro- 
second rate of rise. The maximum critical 
1.5X40 sparkover voltage is 265 kv. As- 
suming surge current fronts in the range of 
3-10 microseconds, the second of two paral- 
lel lightning arresters should always operate 
on surges of 2,000 amperes or more, because 
of the discharge voltage of the first lightning 
arrester. Lightning arresters of higher 
maximum sparkover voltage will, of course, 
require higher discharge voltage to operate 
the second lightning arrester. 

As suggested, the same result can be 
achieved by increasing the cross section of 
the active element, but this results in more 
severe interrupting duty on the gap element 
and increases the size and cost of other 
lightning arrester components. It then be- 
comes a question of choosing the most satis- 
factory over-all design for general purpose 
apparatus protection. 

Mr. Howard questions the conclusions 
regarding the effect of apparatus capacitance 
on lightning arrester discharge voltage be- 
cause they are based on traveling waves. 
Since the conclusions were drawn only for 
free traveling waves, on a system with some 
ground wire protection, they are not con- 
cerned with conditions resulting from direct 
strokes to the station or to the line near the 
station. However, the calculations accord- 
ing to Figure 4 of this discussion are interest- 
ing because they show that the phenomenon 
explored in these tests takes place for the 
higher current direct-stroke type of surges 
mentioned by Messrs. Howard, Johnson, 
and Saline. 

The assumed current waves for these cal- 
culations were 3X20 microseconds, 2,350 
and 10,000 crest amperes, independent of 
circuit loading. The basic equivalent cir- 
cuit of the lightning arrester valve element 
for positive rates of current change was ob- 
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Table Il. Calculated Crest Lightning Arrester 
Voltage Per Cent of 298-Kv Front-of-Wave 
Sparkover Voltage 


2,350- 10,000- 
Ampere Ampere 
3X20 3X20 
Micro- Micro- 
seconds seconds 
INO CAPACIEOR sai ciesneierelecetaietstai PLS wen aes gats 141 
3,100-mmf capacitor.......... ISRE Seay ow 156 


tained empirically by comparing discharge 
voltage oscillograms obtained with 10X20 
microsecond current waves of 100 to 35,000 
amperes. The constants were chosen to 
duplicate essentially the post-sparkover 
portion of the left-hand voltage oscillogram 
of Figure 3 in the paper, using a 2,350- 
ampere 3X20 microsecond current wave. 
Table II of this discussion shows calculated 
crest lightning arrester voltages for two cur- 
rent magnitudes, with and without the 
3,100-micromicrofarad capacitor. Voltage 
(e) could be calculated directly for the case 
of no capacitor C. When the capacitor was 
considered, step-by-step calculation was 
necessary. 

The actual test results in the paper show 
a crest lightning arrester voltage of 123 per 
cent rather than the calculated 133 per cent 
for the case of parallel capacitor and 2,350- 
ampere wave (as shown in Table II of this 
discussion), so the calculations are inaccu- 
rate to this extent. They show, however, 
that the same effect exists for the higher 
lightning arrester discharge currents. 

Regarding parallel operation of lightning 
arresters, this was considered only from the 
standpoint of apparatus protection; and 
benefits, as demonstrated in the paper, are 
quite evident. The higher cost of operating 
lightning arresters in parallel also must be 
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4 
“ 


interpreted in terms of cost per lightning 


arrester. | 
J do not understand the concept of ‘“‘bal- § 
§ 
& 


anced design’? mentioned by Mr. Howard. 
The principal function of a lightning arrester 
is to protect. If the impulse sparkover 
voltage is lowered, without affecting the 
60-cycle sparkover voltage, it would seem 
that the lightning arrester then is offering | 
better protection. The possibility of more | 
frequent operations on switching surges is of — = 
little interest, provided the lightning ar- ; 
rester can discharge stich surges adequately. 

It is gratifying to see the recent interest in — 
long-duration discharge strength of lightning 
arresters, a long-neglected subject. How- 
ever, the tests described in the paper were | 
made to explore only the relative protection — 
given by the different lightning arrester 
combinations. It is mentioned that station- — 
type lightning arresters have demonstrated 
the ability to withstand sufficient service _ 
discharge duty. Does this mean that line- | 
type lightning arresters have not demon- 
strated a similar practical ability to operate 
satisfactorily in service? 

The paper did not report a general lack of — 
benefit from using the V-connection. A | 
footnote in Table IV of the paper called © 
attention to a certain condition of lightning 
arrester location and surge: ‘‘Note that for 
these particular tests the V-connection : 
showed no benefit over the T-connection.” — 
Of course, the V-connection often shows , 
large benefits where lightning arrester 
separation is necessary. 4 

The analytical methods shown in Profes- — 
sor Bewley’s discussion, the comparative | 
figures shown in the discussion by Messrs. 
Witzke and Bliss, as well as Figure 1 of the 
discussion by Messrs. Johnson and Saline, — 
are most welcome. Weare led, both by con- — 
venience and practical necessity, to rely on 
transient analyzer data or calculation for the 
broader studies of this sort. 
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Application of Resonant Grounding in 
Power Systems in the United States 


ERIC T. B. GROSS 
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Synopsis: Previous investigations indicated 
a trend toward increased application of 
resonant grounding in the United States. 
The application of resonant grounding in 
power systems operating at voltages from 
2.4 ky to 230 kv has been analyzed on the 
basis of answers to a questionnaire received 
from all organizations using such grounding. 
Experience with resonant grounding has 
been very satisfactory. The equipment re- 
quires practically no maintenance and 
hardly any attention since detuning is per- 
missible within reasonable margins. The 
major field of application of resonant 
grounding is at voltages of 69 kv and below. 
Operation on sustained faults has been suc- 
cessful in many systems for hours and even 
days. More equipment designed for ex- 
tended time rating than for ‘‘10-minute”’ 
rating has been installed in the last few 
years. Many users of ‘‘10-minute’’ equip- 
ment feel that operation on sustained faults 
would have additional advantages. 


HE latest general AIEE report on 

Grounding Practices! indicates that 
there is a trend toward greater use of res- 
onant grounding” in this country. Figure 
1, which is based on this report* shows 
this trend clearly. Amongst the many 
systems at and above 22 kv that were 
investigated, 6.8 per cent of the total 
mileage consisted of lines which belong to 
systems using resonant grounding. 


The fact that resonant grounding is 
finding wider application in this country, 


especially at voltages below 115 kv, seems 


to be of particular significance and this 


_ investigation was undertaken in order to 


a 
E 


answer many pertinent questions with 
information from organizations with 


Operating experience in this field. Ques- 


tionnaires were sent to all operators who 
could provide answers on basis of at least 


one year’s experience and this report 


_ covers all systems that had been so oper- 
_ ated by the end of 1949. Figure 2 shows 
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how the number of ground fault neu- 
tralizers (or Petersen coils, as these 
reactors are called frequently) increased 
from one in 1921 to 87 in 1949 and that 
resonant grounding had been applied in 
most systems for much longer periods than 
one year. Figure 2 shows further that 
there is a trend toward greater use of 
coils that have continuous rating (or ex- 
tended time rating as defined in AIEE 
Standard number 324). Whereas, in 
1943, only 18 per cent of the ground fault 
neutralizers, then in service, were de- 
signed to permit operation with sustained 
ground faults, 40 per cent of nearly twice 
as many coils permitted such operation in 
1949 (an increase in the number of such 
coils from 9 to 35). The number of ‘‘10- 
minute’ coils decreased accordingly from 
82 per cent in 1943 to 60 per cent in 1949 
and there is reason to believe that the two 
curves ‘“B’’ and “‘C’’ on Figure 2 will in- 
tersect again before long. 


Questions and Answers 


GROUNDING PRACTICES 


Considering that other grounding meth- 
ods! are well established (74 per cent of all 
systems’, corresponding to 78 per cent of 
the whole mileage under investigation, 
were solidly grounded), it would appear 
resonant grounding applications would be 
confined to new systems and to existing 
ungrounded (or delta) systems. An analy- 
sis of the distribution of grounding 
methods as indicated in Figure 1 shows, 
however, that many systems that now are 
resonant grounded were previously not 
ungrounded but grounded in some other 
manner. The arswers to the question 
“what the grounding practices were be- 
fore the installation of resonant ground- 
ing’ are summarized in Figure 3. It is 
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somewhat surprising to learn that only 
48 per cent of systems at 22 kv and above 
now resonant grounded were previously 
delta systems (33 per cent) or new systems 
(15 per cent), whereas altogether 52 per 
cent were operated with some kind of 
neutral grounding before the change to 
resonant grounding was made. It is of 
particular interest that a large percentage 
of systems (35 per cent) had previously 
been solidly grounded. 

This report covers all systems which 
were or had been in operation with res- 
onant grounding at the end of 1949 and 
the breakdown of answers from 51 sys- 
tems is given in the left section of Figure 
3. It can be expected that changes from 
other grounding methods to resonant 
grounding also will be made in future 
years. However, it may be mentioned 
that 9 per cent of all systems? reporting 
in 1947 were then ungrounded, most of 
them at voltages below 115 kv. 

There also were changes from resonant 
grounding to some other method, though 
in not many systems. Figure 4 contains a 
summary of all ground fault neutralizers 
(single-phase or 3-phase)!”:?? built for use 
in this country. The number of coils 
taken out of service is indicated in Figure 
5 which contains a classification by volt- 
age and by time rating. Most ground 
fault neutralizers taken out of service by 
1949 were ‘10-minute’ coils (9 of 61 or 
14.8 per cent). The reason for discon- 
tinuation of resonant grounding was 
nearly always that interconnection with a 
large system grounded in a different 
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UNGROUNDED 


SOLID 


<—_—__—____—" 100 PERCENT OF SYSTEMS —————*} 


1925 1930 1935 1940 


manner would necessitate the purchase of 
a 1-to-1 isolating transformer. We now 
know that there are many technical and 
economic reasons to ground 230-ky sys- 
tems solidly and resonant grounding of 
the 230-kv system, for example, was 
never intended to stay in operation after 
further system expansion, 

Figure 6 is a map of the United States 
showing how the resonant grounded power 
systems are distributed geographically. 
Since some of the systems extend into 
neighboring states, such systems are in- 
dicated in a different manner in the state 
which contains the smaller mileage of 
lines. Systems which are not resonant 
grounded any longer are omitted, 


a 


Figure 1 (left). 
Grounding of 
power systems in 
United States at 
and above 22 kv 


Figure 2 (right). 
Ground fault 
neutralizers in 
service, 1921- 
1949 


COILS IN SERVICE 


1945 


RATING OF GROUND FAULT 
NEUTRALIZER 


Answers to the questionnaire were re- 
ceived from 56 systems; this response is 
quite good since this report now covers 26 
more systems? than the general ground- 
ing report! of 1947. In these 56 systems, 
23 had “extended time rating’ coils in- 
stalled permitting continuous operation 
on sustained faults, and 33 systems were 
operated with ‘10-minute’ coils. How- 
ever, these data include a few systems 
that at present (1951) are not operated 
with resonant grounding. The number 
of systems with resonant grounding in 
service is broken down in Figure 7 by 


Table | 
Per Cent 

WC0d DOhes Ons, cay aisles sami 67 
Beealitowerhonlyamiccinnephente gens 4 

Pole construction (54 systems =100%),.......,....,.. ) Wood poles and steel towers, 
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Wood poles and steel towers, 
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GROUND FAULT NEUTRALIZERS 


IN SERVICE 
IN THE U.S. 


A —TOTAL 

B-TEN MINUTE RATING 

C —EXTENDED TIME 
RATING 


voltage and by rating. It is noticeable 


that in one 


140-kv system resonant ~ 
grounding is still in use, though it now is 


recognized that the economical balance 


is at about 115 kv. 


neutralizers are in operation at system — 


voltages of 69 kv and below. 


LINE CONSTRUCTION 


As for the type of line construction, a 
number of questions were asked and the 
breakdown of the answers received is 
given in Table I. 


The maximum and average mileage of 


the systems classified by voltage is given 
in Figure 8. 


One 34.5-kv system com-_ 


prising 1,500 miles of lines is not only the | 
largest system in operation with resonant _ 


grounding, but it also is the largest of all 


Most ground fault | 


the many 34.5-kv systems in this country. 


A number of underground cable systems — 


and also some mixed overhead-line and 


underground-cable systems at and below 


13.8 kv are resonant grounded. The 


special symbol used in Figure 8 at 2.4 kv — 


and 6.6 kv refers to underground cables. — 


The larger number indicates the maxi- 
mum mileage. 
dicates overhead lines. 


TESTS 


Answers to questions concerning tests 
indicated the following: Of 56 systems 


The other symbol in- — 


(100 per cent reporting), arcing ground — 


tests at very nearly resonant  tun- 
ing were made by 67 per cent. 


tests were not made by 83 percent. Of 48 


% GROUNDING METHOD * 
4peeeeeeg«=SCORESISTANCE)«= pee 4 
REACTANCE [SSS 5 
NEW SYSTEM « 15 
SOLID \X 35 
D> 

UNGROUNDED 33 

Ys 

ALL 22 KV 
VOLTAGES AND ABOVE 

(100% » 51 SYSTEMS) (100% = 46 SYSTEMS) 


Figure 3. Grounding practices before using 
resonant grounding 
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GROUND FAULT NEUTRALIZERS 
BUILT FOR SERVICE 


Figure 4 (left). 
Ground fault 
neutralizers built 


IN THE U.S. for service in the 
: United States, 
a A- TOTAL 1921-1949 
I> B-TEN MINUTE RATING 
a G-EXTENDED TIME RATING 
re 
iS 
‘5 Be Figure 5 (right). 
1920 1925 1930 1935 1940 1945 1950 Ground _— fault 
neutralizers classi- 
: fied by voltage 
| Table Ill. Results of Operation 
Ss = a Se a eee 
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Grading of Resonant of —————- Grading, Per Cent————_ 
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Extended time......... Protective device............ 
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d@emiin. coil.......:... Protective device,........... 
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Mueystems........... Protective device............! 
Mipayetems........... Economic investment.........49 
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Figure 6 (above). 
Geographic dis- 
tribution of reso- 
nant grounded 
systems, 1949 


Figure 7 (left). 

Resonant 

grounded systems 

classified by volt- 
age 


Figure 8 (right). 
Mileage of reso- 
nant grounded 
systems classified 
by voltage 
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140 
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systems (100 per cent) reporting on arcing 
ground tests with large off-tune settings 
only 31 per cent made such tests; 69 per 
cent did not. In no case were limits for 
the maximum permissible out-of-tune 
ratio established. 


TAPS AND CONNECTION 


Some very interesting data concerning 
taps and the changing of taps for the pur- 
pose of retuning were received. Of 45 
systems (100 per cent) responding 40 per 
cent reported that more taps than neces- 
sary were available on the ground fault 
neutralizers that are installed. No one 
had insufficient taps available; but 60 
per cent said the number of taps were just 
right. However, answers were received 
from 48 systems (100 per cent) about the 
number of tap changes per year and these 
data are broken down in Table II. The 
questions asked were: ‘‘How often are 
taps changed?” and “‘What is the average 
number of changes per year?”’ 

In most cases power transformers are 
available for the connection of single- 
phase reactors; hence, of 53 systems (100 
per cent) reporting, 70 per cent use power 
transformers with single-phase coils and 
only 30 per cent use 3-phase equipment. 
However, in a few systems when more 
than one coil is used in the system, and 
when a power transformer was not avail- 
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able everywhere, one or more of the coils 
were single-phase coils and the others 
were 3-phase equipment. Figure 9 shows 
the maximum and average mileage of cir- 
cuit per coil at various voltages; the 
larger figure refers, of course, to the 
maximum mileage. 


PERMANENT FAULTS 


It is interesting that the advantages of 
extended time rating coils were utilized at 
all voltages up to 69 kv. Operation with 
permanent faults was continued for 
several days at 2.4 kv and the maximum 
duration of sustained ground faults be- 
came shorter at higher voltages, as Figure 
10 shows. Though very satisfactory re- 
sults have been achieved in all systems 
using coils with continuous rating (ex- 
tended time rating), difficulties are some- 
times experienced in finding the location 
of sustained faults. Of 22 systems (100 
per cent) using such coils, 46 per cent have 
difficulties locating the fault; 54 per cent 
find it easy to detect the permanent fault. 
However, 17 answers (100 per cent) re- 
ceived to the question concerning the de- 
sirability of a sensitive relaying system 
for the determination of the fault!® loca- 
tion, indicate that a very large number, 
94 per cent, want such a relaying system 
developed and only 6 per cent do not 
think that relays are necessary. 

Of 28 systems (100 per cent) using ‘‘10- 
minute”’ coils answering the question con- 
cerning their preference for the use of 
larger coils designed for continuous opera- 
tion, 32 per cent said they would now in- 
stall the larger coils in order to have the 
additional advantages of operation with 
sustained faults; 68 per cent are satis- 
fied with what they have. Figures 11 and 
12 show large ground fault neutralizers 
designed for extended time rating. The 
Petersen coil shown in Figure 11 is the 
largest coil of such design in operation in 
this country, its rating is 15,000 equiv- 
alent kilovolt-amperes. 
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Figure 9 (left). KV 
Mileage of circuit 
per ground fault 
neutralizer classi- 2.4 
fied by voltage 


MAXIMUM DURATION OF 
PERMANENT GROUND FAULT 


22m | see | AHRS 
345. eee 
Figure 10 (right). 7 
Maximum dura- 
tion of sustained 46 [| ]3 HRS 
ground faults 
57 2¥2 HRS. 
classified by volt- | 
age 69 [__J2urs. 
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Conclusions 


1. Experience with resonant ground- 
ing has been very satisfactory. 

2. There is a trend toward increased 
use of resonant grounding. 

3. There is a trend toward the ap- 
plication of coils designed for extended 
time rating. (Operation with sustained 
ground faults.) 

4. A sensitive ground relaying system 
for indication of the fault location would 
bring further improvements. The de- 
velopment of such relays is desirable. 

5. In most cases, power transformers 
are available and the cheaper single- 
phase coils can be used. 

6. The major field of application of 
resonant grounding is from 69 kv down to 
2.4 kv. 

7. Ground fault neutralizers require 
practically no maintenance. The tap 
changers are hardly ever operated. The 
systems may be operated off-tune without 
influence on the protective character- 
istics. 

8. Operation on sustained faults has 
been successful for hours and even for 
days. 

9. The increase of system mileage 
does not seem to limit the application of 
resenant grounding at voltages of 69 kv 
and below. The largest 34.5-kv system 
in the United States (1,500 miles total 
mileage) is resonant grounded. 


Figure 11 (right). Ground fault neutralizer for 
extended time rating for a 115-kv system, 180- 
amperes maximum current. Lightning arrester 
on cover, high-voltage bushing in rear. Cour- 

tesy General Electric Company 
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city Electric Department, Rochester, Minn. 
(Consumers Power Company, Jackson, Mich. 
Dayton Power and Light Company, Dayton, 
Ohio 

Dairyland Power Cooperative, LaCrosse, 
Wis. 

‘Department of the Army, Corps of Engi- 
neers, Fort Peck District, Fort Peck, Mont. 
astern Kansas Utilities, Inc., Fort Scott, 
Kan. 

Georgia Power Company, Atlanta, Ga. 
Indianapolis Power and Light Company, 
Indianapolis, Ind. 

Interstate Power Company, Dubuque, Iowa 
Iowa Electric Light and Power Company, 
Cedar Rapids, Iowa 

Iowa Power and Light Company, Des 
Moines, Iowa 

Towa Public Service Company, Waterloo, 
Iowa 

Kansas Gas and Electric Company, Wichita, 
Kan. 

Lake Superior District Power Company, 
Ashland, Wis. 


Figure 12. Ground fault neutralizer for ex- 
ended time rating for a 69-kv system, 40- 


amperes maximum current. Core and coil 
assembly. Courtesy Westinghouse Electric 
; Corporation 
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Metropolitan Edison Company, Reading, 
ear 

Minnesota Power and Light Company, 
Duluth, Minn, 

Minnkota Power Cooperative, Inc., Grand 
Forks, N. D. 

Montana Dakota Utilities Company, Min- 
neapolis, Minn. 
New England 
Boston, Mass. 
New Jersey Power and Light Company, 
Dover, N. J. 

New York State Gas and Electric Corpora- 
tion, Binghamton, N. Y. 

Northern Pennsylvania Power Company, 
Towanda, Pa. 

Northern States Power Company, Minne- 
apolis, Minn. 
Northwestern 
Huron, S. D. 
Otter Tail Power Company, Fergus Falls, 
Minn. 

Public Electric Light Company, St. Albans, 
Vt. 

Public Service 
Denver, Colo. 
Public Service Company of Indiana, Inc., 
Indianapolis, Ind. 

Public Service Company of New Hampshire, 
Manchester, N. H. 

Public Service Company of New Mexico, 
Albuquerque, N.M. 

Rockland Light and Power Company, Bos- 
ton, Mass. 

Rural Cooperative 
Maple Lake, Minn. 
Sioux City Gas and Electric Company 
(lowa Public Service Co.,) Sioux City, Iowa 
Southern California Edison Company, Los 
Angeles, Calif. 

Southern Indiana Gas and Electric Com- 
pany, Evansville, Ind. 
Southwestern Public 
Amarillo, Tex. 

U.S. Department of the Interior, Bureau of 
Reclamation, Denver, Colo. 

Westinghouse Electric Corporation, East 
Pittsburgh, Pa. 

Wisconsin Michigan Power Company, Apple- 
ton, Wis. 


Power Service Company, 


Public Service Company, 


Company of Colorado, 


Power Association, 


Service Company, 
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Discussion 


Byron Evans (United States Bureau ol 
Reclamation, Denver, Colo.): The authors 
have presented data that will be of con- 
siderable interest to system designers and 
operators. 

On a percentage basis, it appears that 
resonant and solid grounding are increasing 
while reactance, resistance, and ungrounded 
applications are decreasing. In general, 
resonant grounding has its best application 
on systems of about 69 kv and below, and I 
should like to see Figure 1 of this paper 
drawn to show the grounding methods used 
for systems in this voltage range. 

Figure 6 of the paper seems to indicate the 
greatest application of resonant grounding 
to be in the mountain states and the more 
northern states extending from the Dakotas 
eastward to the Atlantic seaboard, with few 
if any applications in the southeastern 
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quarter and the Far West. It would be 
interesting to know what factors may have 
influenced this distribution of resonant 
grounded systems. 

It is expected that location of permanent 
faults, in extensive systems with resonant 
grounding, would be difficult and would re- 
quire considerable time if “cut-and-try”’ 
methods must be used. I understand that 
very sensitive ground relaying is feasible for 
resonant grounded systems, and I would 
appreciate the authors’ comments on such 
relaying. Is this relaying reliable for trip- 
ping circuit breakers or would it be used 
only for alarm and indication, with the sys- 
tem operator considering information at 
several relay points before deciding on the 
faulted section? In general it appears that 
automatic tripping would be desirable for 
switching at isolated unattended stations on 
a system with neutralizers having short time 
ratings, while alarm and indication probably 
would be preferable if neutralizers have ex- 
tended time ratings. : 

If a permanent fault is left on the system 
during a lightning storm, it seems quite pos- 
sible that another fault could occur on 
another phase to cause a double-line-to- 
ground fault to trip out the circuit. This 
seems most likely for the lower voltage sys- 
tems having triangular configuration of con- 
ductors, since the top conductor, likely to 
intercept lightning strokes, may be phase 
“A” at one point in the storm area and 
phase ‘‘B” or “C” at another point in this 
same storm area. The possibility of such 
multiphase faults would be increased if 
permanent faults were left on for some time, 
as would be expected with extended time 
rated neutralizers. I would appreciate the 
authors’ comments on actual experience 
concerning this matter. 

The paper did not give details on the cur- 
rent range or number of taps provided and 
used on the neutralizers now in operation. 
Coils with a current range of one to two, or 
even higher, are common, but it is under- 
stood that with such large current ranges it 
is difficult or even impractical to design for 
the desired saturation for all tap positions. 
If this is the case, the current range should 
be less than one to two if at all possible. 
This may, of course, be a difficult decision 
for the system designer when the extent of 
future system development is not definitely 
known, although the initial coil or coils are 
thought to be located to give satisfactory 
performance with the probable future sys- 
tem. 

Considering satisfactory experience on 
out-of-tune operation, there is some ques- 
tion about providing numerous taps. When 
more than one coil is used, the system as a 
whole can be tuned accurately with fewer 
taps on each coil. It therefore appears that 
taps with steps of at least 10 per cent would 
be satisfactory in lieu of the commonly pro- 
vided steps of 5 per cent. With regard to 
out-of-tune operation, four arcing fault 
tests on a 115-ky resonant grounded system 
resulted in a fault clearing at 21 and 51 
cycles with the system in tune, and 1.5 and 
8.5 cycles with some of the 115-kv line 
switched out to produce an out-of-tune con- 
dition with about 21.5 per cent excess of 
lagging current. 


Lawrence M. Robertson (Public Service 
Company of Colorado, Denver, Colo.): The 
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authors have collected some very valuable 
data on power systems, and these data are 
very helpful in system planning and opera- 
tion. This represents a very large amount 
of work, and the authors are to be congratu- 
lated on their paper and the help which 
they have given the industry. Our experi- 
ence with 100-kv and 13.8-kv Petersen coils 
has led us to concur in the authors’ conclu- 
sions. 

I feel that continuous review must be 
given of power systems and the changing con- 
ditions, economics, and all the various asso- 
ciated problems. What may have been the 
right procedure and solutions of the prob- 
lems in the past may not be now or in the 
future. Sometimes practice with regard to 
engineering, design, and so forth, may be a 
matter of habit, therefore it is well to keep 
new ideas in mind. 

The larger system capacity may make it 
very desirable to reduce the value of fault 
currents as much as possible, and maybe 
Petersen coils would be helpful. In any 
event, it is well to keep the various methods 
in mind. It might be that operating per- 
formance could be improved by adopting 
different measures than are now being used. 
It may be that the very-high-voltage sys- 
tems cannot justify Petersen coils or imped- 
ance grounding of the neutral, but this 
should not be a firm conclusion. 


T. W. Schroeder (Iowa Power and Light 
Company, Des Moines, Iowa): From this 
survey it appears that the use of resonant 
grounding for power systems is growing, 
which is somewhat the opposite of what this 
writer would have guessed in the absence of 
the record. There is no question but that, 
in general, the ground fault neutralizer gives 
a good account of itself in protecting the 
system to which it is applied, albeit this pro- 
tection can be against ground faults only. 
The ground fault is, of course, the pre- 
dominating type of fault experienced. In 
fact, the ground fault neutralizer appears to 
give a great deal of help even when ground- 
ing systems in which the lines have conduc- 
tors closely spaced, relatively flat spacing, 
and the structures employ steel cross-arm 
braces and are apt to have high footing re- 
sistance. This help is evidenced by the 
indication on the neutralizer recording 
ammeter chart that numerous disturbances 
occur without resulting line outage. In 
fact, in some cases the number of disturb- 
ances as shown by the ammeter chart is 
considerably greater in a given period than 
actually obtained in a similar period before 
the installation of a neutralizer; therefore, 
it is felt that the neutralizer sometimes is 
given more credit than is really due it. This 
is no serious objection, however, since usual 
facts are that the number of outages is 
definitely decreased after a neutralizer is 
placed into service. 

It is believed that the greatest use of the 
ground fault neutralizer type of protection 
is made on existing lines where the trans- 
mission line structure configuration and 
grounding conditions are inherently inimical 
to good lighting performance because here, 
even though theoretical considerations will 
show that the line cannot expect good neu- 
tralizer protection, it actually will experi- 
ence considerable help. Of course, new con- 
struction connecting to existing neutralizer- 
protected systems logically can depend on 
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neutralizers. However, where the oppor- : 
tunity exists to start a new section of a sys- 


strong consideration should be given to 
use of shield wire protection, which, unless 
the system becomes extensive, may be the 
most economical and at the same time afford 

protection against other types of faults in 
addition to the line-to-ground variety. 


re 


S. S. Cook (Westinghouse Electric Corpora- 
tion, Sharon, Pa.): I have read with much 
interest this paper by Mr. Gross and Mr. 


the subject which has been collected by the 
authors. They deserve a great deal of 
credit, and I believe the paper is ve 
timely. : 

It is interesting to note the comments on 
the number of taps and current ranges. 
The American Standard has been to have a 
current range of 4 to 1 with 25 positions or 2) 
to 1 with 15 positions. If these are unneces-) 
sary and the extremes are not used it, of 
course, would result in considerable saving 
to design for a smaller current range and 
fewer tap positions. It is interesting to not 
that we recently have received two orders fo: 
neutralizers for application in a foreig 
country. One order has a current range o 


the other order has a current range of 2 to] 
with a 6-position tap changer. Perhaps 
should be reconsidered by the AIEE 
tective Devices Committee. s 
Another thing that seems interesting is 
the trend toward reactance or resonant 
grounding, as indicated in Figure 1 of the 
paper. I am wondering if it would be feasi- 
ble in those cases where reactance grounding 
is changed to resonant grounding to put the 
neutralizer in series with the present reac- | 
tor. It would seem that if the reactor were 
surplus it could be used to cut down the size | 
of the neutralizer. By this means the sys- | 
tem would not be dead grounded when the | 
neutralizer is by-passed. 
It is interesting to note the trend toward 
continuously rated neutralizers. The origi- 
nal idea, I believe, was for the neutralizer to | 
clear swinging faults or others which would 
clear mechanically, but without quenching 
the arc. If a fault occurs that would not 
clear itself in 10 minutes, the relays are sup- 
posed to clear the system, resulting in an 
outage. For this purpose 10-minute neu- 
tralizers probably are satisfactory. Ten 
minutes, however, is an extremely short 
time to locate and clear a fault. It therefore 
would seem that longer rated coils would 
permit operation on most systems under 
fault conditions without opening the circuit, 
All this could be done with no more expense 
than the difference in price of a continuous 
rated coil over a 10-minute coil. We are 
glad that the trend is toward continuous 
rated coils, since that seems to be a logica’ 
development. ‘ 


Howard K. Amchin (American Gas anc 
Electric Service Corporation, New York 
N. Y.): The authors and co-operating com: 
panies have provided a logical basis for re 
examining present-day resonant groundin; 
practices. Based on the results of the ques 
tionnaire, it appears advantageous ‘to maki 
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several changes in design and application of 
the ground fault neutralizer. 

It would seem extremely difficult to justify 
the need for a 4-to-1 current range, or even 
a 2-to-1 range. Furthermore, the number 
of taps seems excessive. 

It cannot be disputed that current range 
depends upon the particular system. How- 
ever, how many systems, assuming that the 
coil is designed to operate in the middle of 
its tap range, operate regularly with from 
25 to 50 per cent or more of their lines 
switched off? If this situation does happen 
regularly, the writer suspects that the sys- 
tem is split into two sections to be operated 
independently, thereby requiring two ground 
fault neutralizers to provide protection for 
each section. An arrangement of this sort 
would, of course, be independent of switch- 
ing. As previously stated,! ‘“‘The higher 
than normal range (4 to 1) of coil reactance 
has never been used, and large decreases in 
system capacity are unusual. It would have 
been a better design to put existing needs 
near the upper limit and use most of a 
smaller range for future expansion.” 

The paper states that ‘‘of 45 systems (100 

per cent) reporting, 40 per cent indicated 
that more taps than necessary were avail- 
able .. .,” and the paper’s Table II shows 
that of 48 systems (100 per cent) reporting, 
27 per cent never change taps. Further- 
more, an earlier paper? said that ‘‘taps 12 
through 15 have never been used.”’ On the 
other hand, it seems that current design 
practices produce Petersen coils with from 
15 to 25 tap positions, or even with a con- 
tinuously variable arrangement. 
- The most satisfactory coil operation is 
obtained at about the knee of the saturation 
curve. Nevertheless, examination of satura- 
tion curves of several coils now in operation 
shows that these coils have from 25 per cent 
to 50 per cent of their taps below the knee of 
the curve. 

Present practices which produce a coil 
with a current range of 2-to-1 (or higher) 
and 15 or more taps give, as a by-product, a 
coil which is too expensive and somewhat 
unsatisfactory from the technical viewpoint. 
A ground fault neutralizer with a lower cur- 

rent range, say 1.5 to 1, and fewer taps, say 
_ 5-7, should be quite satisfactory. 

It might be said that the lesser number of 
taps, as suggested in the preceding sentence, 
would not permit proper tuning, and the 
writer is inclined to believe this idea to be 

one reason that 60 per cent of reporting com- 
panies stated that; the present number of 
_ taps is “just right.” However, as shown in 
Table I, which follows,‘ a relatively large 
degree of deviation from exact tuning will 
still permit the desired results to be obtained 
_ with the coil. 

ry 


Table | 


Deviation from 
Exact Tuning, 


System Voltage Per Cent 
worker and below. ...5.... 5.00805 +30 
CONT SCET TON lo 0 tS ee +20 
LOO KT os ace heh soa ceils +10 


lis table would seem to offer further evi- 
ence that 15 or more tap positions are un- 
ary. For example, if the taps are 
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spaced within 10 per cent, it always will be 
possible to tune not more than +5 per cent 
off resonance, which is satisfactory. 

It is most unfortunate that no system re- 
porting performed tests to determine the 
maximum permissible deviation from exact 
tuning, since the majority of them did make 
atrangements to perform arcing tests at 
nearly resonant tuning. Knowledge of this 
permissible deviation will reduce consider- 
ably the number of tap changes made each 
year (see Table II of the paper). That 4 
per cent of the systems reporting make more 
than 200 changes each year is astonishing. 

It is interesting to note the increased use 
of extended time rated coils, and that of 28 
systems reporting that use ‘10-minute’ 
coils, 32 per cent now would install coils for 
continuous operation. It would be helpful 
to learn the effects of continuous operations 
(Figure 10 of the paper) on adjacent tele- 
phone toll circuits, since it is believed that 
this type of operation leads to excessive 
noise in these circuits. 

Of 17 companies reporting, 16 indicate 
the desirability of a sensitive relay system® 
to indicate the location of ground faults. 
We have high-sensitivity single-phase direc- 
tional relays; the current transformer re- 
quirement is satisfied by three identical cur- 
rent transformers® (no special accuracy re- 
quired); we may benefit from thousands of 
similar applications abroad. What else is 
required ? 
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J. C. Russ (General Electric Company, 
Pittsfield, Mass.): Messrs. Gross and 
Atherton have performed a useful service in 
their survey of operators using resonant 
grounding equipment. From the point of 
view of the manufacturer it is encouraging 
to have this additional evidence of the stc- 
cessful performance of such devices. 

The demonstrated trend toward greater 
use of extended time rated ground fault 
neutralizers is interesting. In this connec- 
tion, it should be pointed out that there is 
very little difference in the over-all cost of 
10-minute and extended time neutralizer 
equipments when they are compared com- 
plete with their auxiliaries. Thus, it may 
well be that an operator changing from an 
isolated neutral system to a _ resonant 
grounded system will install extended time 
neutralizers simply on the basis of saving 
himself the extra cost of the ground relay 
equipment which he would need with a 10- 
minute neutralizer installation. Ground 
relay equipment would involve, in some 
cases, the purchase of grounding trans- 
formers, which would add considerable ex- 
pense to the application. 

The survey shows that 35 per cent of the 
resonantly grounded systems previously 
were solidly grounded. An analysis of these 
installations to determine what proportion 
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of them are 10-minute and what proportion 
are extended time might be significant. 
Since the basic cost of the two types of 
equipment is a stand-off and since the 
assumption is that the majority of the sys- 
tems which previously were solidly grounded 
had ground relays available at the time of 
the change-over, the decision determining 
the choice of 10-minute or extended time 
neutralizer equipment, in these cases, must 
have been based on the operator’s opinion 
of the relative operating advantages of the 
two types of equipment. In other words, 
the advantage of being able to operate for 
longer than 10 minutes with a ground fault 
on the system would be weighed against the 
advantage of being able to relay out a faulty 
section of the system by closing the ground- 
ing switch furnished with 10-minute neutral- 
izer. 

The question of safety could be a factor in 
some applications. For instance, an opera- 
tor might consider operation with a broken 
conductor lying on the ground a hazard and 
might choose 10-minute neutralizer equip- 
ment on this account. 

In the section on “Line Construction,”’ it 
is pointed out in the paper that in 15 per 
cent of the installations it was necessary to 
make additional transpositions. The infer- 
ence is that such transpositions were made 
to keep the residual unbalance current 
through the neutralizer below the 30 per 
cent value normally allowed in the neutral- 
izer rating. There has been some agitation 
recently to reduce the 30 per cent unbalance 
current rating to, say, 15 per cent on the 
basis that most systems normally have less 
than 15 per cent unbalance current anyway. 
Studies have indicated that little or no sav- 
ing in cost would result from such a reduc- 
tion in rating, inasmuch as a 30 per cent 
continuous current capacity is inherent in 
most neutralizer designs. ! 

Most of the neutralizer applications in the 
2.4 KV and 6.6 KV voltage classes have 
been on industrial power systems. Many 
of these systems require frequent retuning 
particularly where motors equipped with 
large protective capacitors are continually 
being switched on and off. For these appli- 
cations there has been developed a tapless 
ground fault neutralizer capable of smooth, 
stepless reactance variation over the con- 
ventional 2:1 or 4:1 range. These neutral- 
izers also have the advantage of being able 
to be tuned under load as contrasted to the 
tap type which must be by-passed or de- 
energized before taps are changed. All 
applications of this type have been extended 
time ratings. 
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George Dana (New York State Electric and 
Gas Corporation, Binghamton, N. Y.): I 
think the authors deserve our thanks for the 
preparation of a comprehensive question- 
naire which shows us for the first time the 
extent of the trend toward the use of ground 
fault neutralizers and a nation-wide opinion 
of their value as a tool for improving con- 
tinuity of power distribution. 

For about™15 years the New York State 
Electric and Gas Corporation has been oper- 
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Figure 1. Grounding of power systems in the 
United States, 22 kv to 70 kv 


ating a 46-kv system and a 33-kv system 
with 10-minute rated neutralizers. The 33- 
ky system is a joint system with Northern 
Pennsylvania Power Company and includes 
five grounding points, four of which are 
nonattended and two of which lack super- 
visory control facilities. 

As pointed out in the authors’ conclusions, 
ground fault neutralizers require a minimum 
of maintenance, but we believe the same 
cannot be said of the control and switching 
equipment associated with short time rated 
coils, especially in nonsupervised stations. 
The trend toward extended time rated coils 
and the desire for fault-locating relays sub- 
stantiates our thoughts. 

The number of taps furnished has been 
more than ample. «Over a period of years, 
system growth usually requires additional 
grounding points for relaying and stabilizing 
the neutral. This fact creates an ideal time 
and place for the installation of more neu- 
tralizer capacity and answers the question 
usually raised about ‘‘what will happen as 
the system outgrows the original coils.”’ 

Referring to Figure 3 of the paper, I 
notice with considerable interest that only 
33 per cent of the systems of 22 ky and 
above have been ungrounded before install- 
ing neutralizers. This shows that the bene- 
fits claimed for resonant grounding are not 
due to any great extent to the mere fact that 
some kind of grounding was added. 

I also believe that extended time rated 
coils would alleviate many inductive co- 
ordination problems with communication 
systems and that their value in this respect 
should be recognized. 


E. Herzog (United States Army Air Forces, 
Wright Field, Dayton, Ohio): The authors 
are to be commended for their work in col- 
lecting the information presented. It is 
interesting to note that the method of 
resonant grounding had a rapid increase in 
the last few years, particularly on low-volt- 
age systems. 

The philosophy underlying the applica- 
tion of gound fault neutralizers by the Air 
Force has been that a well-built system will 
have faults only rarely. When a fault occurs 
the system should be operable until equip- 
ment and personnel is arranged for repairs, 
then repairs can be made when convenient 
and quickly; no unexpected interruptions 
can be tolerated. Accordingly, the neutral- 
izer coil must have an extended time rating 
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to permit arranging the outage. It also is 
important to have a good alarm system 
which permits location of the fault. An 
alarm system now is being installed which 
will indicate the faulted circuit. Much 
trouble has, however, been experienced in 
locating the exact point of the fault. The 
demonstration by the fault is so slight that 
operators have walked right by the fault 
without noticing, unless it was very quiet. 
To realize fully the advantage of the ground 
fault neutralizer, it will therefore be neces- 
sary to provide a fault-detection system 
that will indicate, not only the circuit, but 
the exact point of the fault. Then outages 
will be necessary only for the time necessary 
for repairs, and at the convenience of the 
operator. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): It is indeed gratify- 
ing that this paper has met with the interest 
which is indicated by these many discus- 
sions. 

Some of the discussions deal with the 
same questions, and the answers, therefore, 
are given with reference to the various topics 
under consideration. It appears that there 
is general agreement as to the validity of the 
conclusions drawn in the paper. 

A further breakdown! of the data collected 
for the latest general ATEE Report on 
Grounding Practices? leads to Figure 1 of 
this discussion concerning systems at volt- 
ages from 22 to 70 kv, and to Figure 2 of 
this discussion concerning systems at higher 
voltages. As pointed out by Mr. Evans, 
most of the Petersen coils are used in sys- 
tems operated at 69 kv and below. It is not 
known completely why resonant grounding 
has not yet been applied in the southeastern 
and western parts of the United States. 
One reason may be that in the more northern 
states there are more isolated systems, which 
lend themselves readily to resonant ground- 
ing; other reasons may be that in the 
southeastern and western states less. lines 
per unit area have been built or larger sys- 
tems (such as the Tennessee Valley Author- 
ity and the Bonneville Power Administra- 
tion) are operated at higher voltages with 
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Figure 2. Grounding of power systems in the 
United States above 70 kv 


solidly grounded neutrals. 
deserves further study. 

It seems that solid neutral grounding is 
more economical at 115 kv only if all possi- 
ble advantages of this grounding method 
can be utilized. This voltage is sort of a 
borderline case. Mr. Robertson is quite 
correct in pointing out that it is necessary to 
investigate critically all phases of the prob- 
lem and not to accept any practice as a mat- 
ter of habit. In a number of resonant 


This question 


grounded systems which are operated at 115 — 


kv, Petersen coils have established an excel- 
lent record. 

Static wires, as emphasized by Mr. 
Schroeder, have their merits, though such 
ground wires are a means of preventing 


ground faults, whereas resonant grounding — 


eliminates existing ground faults as a source 
of further difficulties. Static wires and 
Petersen coils act in very different manners 
and supplement rather than replace each 
other. A shield wire, if supplemented by 
low tower footing resistances, is helpful in 
the reduction of single and multiphase flash- 
overs. However, it is obvious and has been 
shown by experience that resonant ground- 
ing will produce an additional outage reduc- 
tion, and vice versa. Mr. Schroeder’s 
reference to the discrepancy between ground 


90 


80 


70 


AMPS 


60 


50 


40 
30 


30 40 50 60 70 80 90 


Figure 3. Ground 
fault neutralizer cur- 
rents on 15 taps 


Gross, Atherton—Resonant Grounding in Power Systems 


SATURATION CHARACTERISTIC 


100 


110. 
AMPS 


AIEE TRANSACTIONS 


fault neutralizer operation shown on the 
recording ammeter and apparent ground 
faults checks an observation made in many 
systems. A reason for this discrepancy is 
often found in the fact that switches and 
circuit breakers do not operate simultane- 
ously on all three phases and the temporary 
electrostatic unbalance to ground of the 
three phases leads to a transient current 
through the ground fault neutralizer. Data 
check well ‘if operation records are analyzed 
in the proper light. 

A number of discussers seem to recom- 
mend a smaller current range and fewer 
taps, that is, a technically better design 
which also will result in a cheaper ground 
fault neutralizer. In Figure 3 of this discus- 
sion is drawn what may be called a satura- 
tion characteristic of a ground fault neu- 
tralizer with 15 taps. The ordinate for each 
point gives the current referred to rated 
voltage for the unsaturated reactance; the 
abscissa gives the saturated current values 
at rated voltage. The figure shows clearly 
that this coil does not saturate sufficiently 
on taps 9 through 15; eliminating these 
taps would result in a 63-to-102-ampere 
coil, that is, a range of about 1 to 1.6. Iam 
in complete agreement with Mr. Cook’s sug- 
gestions concerning the design of ground 
fault neutralizers. Mr. Amchin’s conclu- 
sions are technically sound, since unusual 
conditions make it necessary to design the 
magnetic circuit so that saturation sets in 
when the zero sequence voltage approaches 
the value of the system phase voltage. It 
is possible to use an available short circuit 


limiting reactor in series with a Petersen 


coil, as suggested by Mr. Cook, if this 
arrangement is taken into account in the 
design of the ground fault neutralizer. Such 
a reactor acts like the zero sequence react- 
ance of a power transformer or the ground- 
ing transformer used for the connection of 
the Petersen coil. 

Ground fault neutralizers with a smooth 


variation of reactance may have limited 


i 


advantages: they can be operated when on 


the system and are therefore always ready 


_ for operation, as pointed out by Mr. Russ. 


However, all the remarks relative to current 
range and saturation apply to them, and 
they also should not be designed for a larger 


current ratio than about 1 to 1.6. When 
tuning is done at smaller than full ground 
displacement, a correction for saturation 
must be applied. Such ground fault neu- 
tralizers have had a limited application for 
some 10 years.* However, the number of 
such installations in the United States is 
small, and at least one user concluded‘ that 
a smaller current ratio ‘would have been a 
better design.’”” There was no indication 
that these users were among those who 
changed their taps very often; this is quite 
understandable, since the 6.6-kv and 2.4-kv 
industrial systems contain many under- 
ground cables so that the zero sequence 
capacitance of the whole system is not 
greatly changed by switching on or off mo- 
tors with protective capacitors. 

The noise-reducing effects of Petersen coil 
application have been pointed out by H. M. 
Trueblood® in an early investigation. I am 
familiar with cases in which the noise in an 
adjacent communication circuit decreased 
during a solid single line-to-ground fault on 
the high-voltage line of a resonant grounded 
system. Operation with sustained grounds 
seems to have been quite successful, and 
many systems have operated ‘‘10-minute”’ 
coils during cold winter periods for 380 
minutes or longer. Of course, permanent 
faults can become a hazard, as Mr. Russ 
points out, but so can very large ground 
fault currents in effectively grounded sys- 
tems, and it is difficult to decide which haz- 
ard is greater. Mr. Dana’s comments about 
difficulties with the control and switching 
equipment of short-time-rated coils are con- 
firmed by others with similar experience. 
The problems of synchronizing various by- 
pass and neutral grounding switches does not 
seem to have been solved satisfactorily.” 
Furthermore, the shock to the system pro- 
duced by the operation of by-pass switches 
produces dips in the line-to-line voltages to 
which many users of power are quite sensi- 
tive.® 

It is interesting to learn from Mr. Herzog 
that an alarm system to indicate the faulted 
circuit is being installed. It can be expected 
that the operation will be as successful as 
the application of resonant grounding. As 
apparently referred to by Mr. Amchin, the 
only new feature of such a relaying system is 
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our frequency of 60 cycles, since numerous 
installations abroad have been in operation 
at 50 cycles for many years. These relays 
are in most cases indicating devices which 
help locate the fault. Switching off the line 
section is delayed until this can be done 
without interruption of service.’ However, 
additional carrier or microwave channels 
between stations would provide a solution 
to the tripping problem mentioned by Mr. 
Evans. A fault detection system which 
seems to fulfill Mr. Herzog’s requirement has 
been described recently in a paper by B. D. 
Zelikin.® 

As for simultaneous faults (multiple 
ground faults), referred to by Mr. Evans, 
the records do not indicate that difficulties 
have been experienced. It is important to 
keep the insulators in good condition by 
making inspections and tests with full sys- 
tem voltage to ground (line-to-line). In 
order to eliminate damaged insulators or 
insulator elements, such tests should be 
made regularly in the spring before the 
lightning season.? 

In these closing remarks, an attempt has 
been made to answer most of the questions 
raised in the discussions. The remaining 
questions require further studies for which 
not enough time is available now. The 
authors wish to thank all discussers for their 
valuable and very interesting contributions. 
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A Study of Conduction Phenomena 


Near Current 


Zero for an 


A-C Arc Adjacent to 


Refractory Surfaces 


T. E. BROWNE, JR. 


MEMBER AIEE 


Synopsis: As first steps in a general study 
of arc extinction in magnetic-type air circuit 
breakers, equipment has been developed for 
simultaneously measuring both are voltage 
and arc current just before and after current 
zero, and studies have been made of arc 
path conductance and power input in this 
critical time region for small-scale tests with 
arcs of a few hundred amperes either mag- 
netically pressed against or physically con- 
fined between refractory insulating plates. 
Analysis in terms of possible mathematical 
are models has aided interpretation of the 
observations. The general nature of the arc 
reignition process under these conditions 
has been revealed clearly and the dynamic 
properties of the arc and surface leakage 
paths have been determined quantitatively 
for these tests in terms of the arc model 
values: conductance time constant and 
critical power input or critical applied volt- 
age gradient. Some effects on these values 
of such controllable variables as plate com- 
position and plate separation have been 
shown. The leakage conductance along 
the adjacent plate surfaces just after current 
zero was found to limit the interrupting 
ability of arcs under the small-sample test 
conditions, but the relative importance of 
this compared to the dielectric recovery of 
the gas space and other possible factors re- 
mains to be determined for very high cur- 


rent interruption in actual circuit breaker 
are chutes. 


ONFINING arcs between refractory 
insulating surfaces is one of many 
schemes used for aiding arc extinction in 
practical circuit-interrupting devices. 
This means of arc suppression has become 
increasingly important because of its 
wide use in the new magnetic-type air 
circuit breakers. Even in these rela- 
tively simple interrupters the processes 
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involved in extinguishing an a-c are are 
very incompletely understood, and much 
speculation! has taken place about the 
details involved and the role of the re- 
fractory are-confining surfaces. 

To be reported here are the first steps 
in a general investigation of the behavior 
of ares being extinguished in magnetic- 
type circuit breakers. The results are 
still fragmentary, but they do shed new 
light on the phenomena attending the ex- 
tinction or reignition of a-c arcs under 
such conditions of partial confinement, 
and so it is believed that they do consti- 
tute at least a significant beginning. 

Special devices have been developed 
for making simultaneous measurements 
of are voltage and current as functions of 
time during the important few micro- 
seconds just before and after current zero. 
From records of such measurements it 
has been possible in many cases to follow 
continuously the derived variables, arc 
power input and are conductance, during 
this brief but critical period. Analyses 
of the behavior of the observed variables 
in terms of possible mathematical are 
models? have helped to reveal the dynamic 
properties of the semiconfined are near 
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current zero and the function and be- 
havior of the confining refractory sur- 
faces. 


Measuring Equipment 


In order to observe with accuracy the 
small values of current just before and 
the small leakage currents just after cur- 
rent zero, it was necessary to build a 


direct-coupled amplifier with high fidelity — 


up to one megacycle and provided with 
cutoff devices so that only the portions of 
current below a few amperes could get 
through the final amplifier stage to the 
recording cathode-ray oscilloscope. Cur- 
rent input to this amplifier was taken 
from a specially constructed highly non- 
inductive shunt of a few hundredths of 


an ohm in the ground lead of the test — 


circuit. The amplifier and shunt were 
generally similar to those described by 


L. J. Lewis,? but the amplifier had a 


higher upper-frequency limit. Voltage 
from the current shunt was transmitted 
to the amplifier over a coaxial line with 
terminal impedances to prevent reflec- 
tions. 

Voltage across the are terminals was 
transmitted to the oscilloscope over an 
open-wire line. The voltage was re- 
duced, when necessary, by a resistance- 
capacitance divider. Particular care was 
taken to eliminate voltage pickup in the 
neighborhood of heavy currents by carry- 
ing the voltage leads inside of tubular cur- 
rent conductors. 

In most of the tests, voltage was im- 
pressed on one axis of the oscilloscope 
while simultaneously the output of the 
current amplifier and limiter was im- 
pressed on the other. Thus, volt-ampere 
cyclograms such as that shown in Figure 
2C were produced on the oscilloscope 
screen and photographed by an elec- 
trically tripped miniature camera. Volt- 
time and current-time records such as 
those shown in Figures 2A and 2B also 
could be taken. In any of these, time 
markers could be introduced by Z-axis 
blanking dots of known frequency. 


Small-Sample Test Apparatus 


The first test arrangement was devised 
to make use of single samples of refractory 
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Single plate sample test arrange- 
ment 


Figure 1. 
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plate material as small as two inches in 
diameter for the arc-adjacent surfaces. 
The sample was placed on a stand pro- 
vided with terminals, adjustable elec- 
trode holders, and a series-excited iron 
core magnet located beneath the test 
stand. The magnet was arranged to pro- 
duce a transverse field of about 1.25 peak 
gauss per rms ampere at the arc in a 
direction tending to hold it in contact 
with the sample surface. As shown in 
Figure 1, the are electrodes consisted of 
halfinch-diameter graphite rods pressed 
against the surface. Arcs were started 
by 3-mil copper fuse wires stretched be- 
tween the electrodes in deep grooves 
5/16-inch above the sample surface. The 
electrode spacing was adjusted by trial to 
obtain an approximately critical distance 
for are extinction at the current and volt- 
age used in the test. Under these condi- 
tions the current-zero-period behavior of 
are voltage and current was observed both 
at successful interruptions and at reigni- 
tions. 


Results and Analysis of Single-Plate 
Sample Tests 


Figures 2A and 2B show, respectively, 
current-time and volt-time cathode-ray 
oscillograms of early ‘‘failure”’ 


tests on 


IGROSECOND MARKERS 
GURRENT-TIME RECORD 
EST NO.30706 


VOLTS 


100 MICROSECOND MARKERS 


TIME RECORD 
TEST NO. 30709 


1951, VoLuME 70 


2C, VOLT-AMPERE CYCLOGRAM, 
TEST NO. 30720 — 


= 


1400; O14 14, 280 
1I200F Gi2n l2n 240 —— 
looor O.10F 10/ 200 
° 
Po 
= 
800} 10.08} g 8}, 160 
Figure 3 (right). e 2 #15 
. . . <a brs = 
Time variation of => 600 $0.06} Z6- > 120} — 
quantities from 16 
o 
cyclogram _— of 400, 004; 4 80} —— 
test number 
. | 
30,720 (Figure Aaa trl nana) (rele 
2C), also show- | 
ing conductance Eirias 
3 ° Ol OEE Ep OL 


and power input 


zircon porcelain plates at 280 amperes, 
192 volts, with 11/,-inch electrode separa- 
tion. The timing blanks are 100 micro- 
seconds apart. The first passage of arc 
current and voltage through zero is dis- 
placed to the right of subsequent zeros. 
In Figure 2A, a marked partial pause in 
the current rise for about 
seconds after the first current zero is 
evident. 


500 micro- 


In successful interruptions this 
pause of varying duration at a small re- 
verse current is followed by a decay to 
zero instead of the accelerated. rise ob- 
served here. The voltage 
Figure 2B is for a nearly identical test. 
The first transient voltage rise was fol- 
lowed by a much slower rise along the 
open-circuit voltage curve during the 
pause in rate of change of current. Sub- 
sequent voltage traces for zeros not 
marked by an extended current pause 
show that the are voltage near current 
zero was almost as high as the open-cir- 
cuit voltage 


record of 


near-critical 
It also is 


under these 
conditions for are extinction. 


Figure 2 (left). 
Cathode-ray os- 
cillograms and 
cyclogram of 
sample tests on 
single zircon 
disks at 280 am- 
peres, 192 volts, 
11/s-inch —_elec- 
trode spacing 
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evident that the transient rate of voltage 
rise in these tests was determined largely 
by the shunting effect of the rather low re- 
sistance are path rather than by the dis- 
tributed capacitance of the circuit. 

Test number 30,720, in which the volt- 
ampere cyclogram of Figure 2C was 
taken, was similar to those just described 
except that the arc failed to reignite at the 
end of the first half-cycle and so the test 
was “‘successful.” The slope and curva- 
ture of the trace show that the are path 
resistance was about 10 ohms at current 
zero and was rising rather rapidly. Slow- 
ing down of the voltage rise as open-cir- 
cuit voltage was approached is indicated 
by thickening of the trace. The arc 
path resistance at this time was between 
20 and 25 ohms. 

An interpretation of the Figure 2C 
cyclogram on a time basis is shown in 
Figure 3. Time values near current zero 
were estimated by comparison with 
Figure 2B to obtain the steep part of the 
voltage-rise curve, and a seetion of the 
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Figure 5. Analysis 
of apparent arc con- 
ductance near cur- 


rent zero for sample 
test number 30,720 


(Figure 2C) 
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open-circuit sine-wave voltage curve was 
fitted to this as a means for estimating the 
time scale at longer times after current 
zero, when the rate of change of current 
had become so small as to have a neg- 
ligible effect on the terminal voltage of 
the inductive test circuit. This procedure 
involves considerable possible absolute 
error in the time values, but the propor- 
tionate error becomes small at several 
hundred microseconds total time. From 
the estimated voltage-rise curve and the 
simultaneous current values of the cyclo- 
gram, the current-time curve also was 
plotted. From these, the ratio of current 
to voltage gave the curve of arc path 
conductance and the product gave the 
curve of power input to the are path. 
The considerable errors of measurement, 
especially of small values because of un- 
certainty in locating the zero lines, un- 
doubtedly explain the surprisingly abrupt 
apparent approach of the current and with 
it the conductance and power input to 
zero at 1,500 microseconds. Vagaries in 
these and later arc-conductance measure- 
ments very close to the current passage 
through zero are similarly explainable. 


ANALYSIS OF Arc Pato CONDUCTANCE 


Of particular interest from the stand- 
point of are theory are the derived curves 
of arc path conductance and power input 
versus time. If it is assumed that the arc 
path conductance is associated in a simple 
way with the excess energy stored in the 
arc path by virtue of its elevated tempera- 
ture, state of dissociation, excitation, and 
ionization, then there also should be a 
simple relation between rate of gain or 
loss of conductance and the difference 
between the power input to and the rate 
of energy loss from the arc path. In 
particular, the rate of change of conduct- 
ance should pass through zero and change 
sign whenever the power input equals 
and then exceeds the rate of energy loss. 
A change from decreasing to increasing 
arc path conductance generally results in 
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complete arc reignition, and the applied 


voltage required to accomplish this 


change may be defined as the dielectric 
strength‘ of a still conducting are path. 
In mathematical 


terms, as explained 
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Figure 7 (below). Time variation of quantities 
in Figure 6A 


earlier by one of the authors of// this 
paper,” the general form of the differential 
equation for arc path conductance, as- 
suming that there is a functional relation 
between conductance and excess energy 
content, can be written 


df1\ _ FO», 
at (;) 70) “ae 7 
where i 


Q=excess energy stored in are path 
W =electric power input to are path 
N= rate of energy loss from are path 


1 
F(Q)= Raat path conductance 


and F’(Q)=derivative of F(Q) with re- 
spect to Q (rate at which conductance 
changes with change in energy content). 
In one form, proposed by O. Mayr,° N is 
assumed constant and a simple exponen- 
tial function is adopted for F(Q), leading 
to the differential equation 


ye 1 
ie (; oe (2) 
dt R Qo 6 
where 


Ny =assumed constant rate of energy loss 
Qo =energy content increment necessary to 
change 1/R by the factor ¢ (2.718) 


conductance, also assumed to be un- 
varying 


With the variables are conductance, 
power input, and time all experimentally 
determined, equation 2 makes possible a 
convenient check on the validity of this 
assumed law, and also a determination of 
the constants in the equation, if valid, by 
simply plotting R d/dt(1/R) from a curve 
like that of Figure 3 against the power 
input, W, as has been done in Figure 4. 
(This procedure was employed first by J. 
V. Byrne, L. Dennie, W. O. Kelham, and 
R. G. Noble of the English Electric Com- 
pany, Stafford, England, in an unpub- 
lished report dated Sept. 14, 1948.) In- 
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Figure 8. Time variation of quantities in Fig- 
ure 6B 


spection of equation 2 shows immedi- 
ately that, for the law to be valid, such a 
plot should yield a straight line with inter- 
cepts 
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Figure 4 shows that this plot of the 
data from Figure 3 gives not one but two 
straight lines! The point at 1,400 micro- 
seconds may be ignored because of the 
likely inaccuracy in the conductance 
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ple of Figure 6B 


on gas-evolving plate 
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curve where the measured current was 
small. Between 20 microseconds before 
and 200 microseconds after current zero, 
the data strongly tend to follow a line 
with intercept values 


No 


1,000 watts per inch and 6 


=T6 x 10 second = 62.5 microseconds 
After 200 microseconds, however, the 
data tend to fit a line with intercepts at 
No=1,100 watts per inch and #=200 
microseconds. From this plot, as well as 
from the general appearance of the con- 
ductance curve in Figure 3 and of many 
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Figure 10 (right). Plot 


of per-unit rate of 
change of conductance 
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voltage gradient during 
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similar experimental curves for ceramic 
sample tests, it has been concluded that 
the conducting are path within 100 or 200 
microseconds of current zero is effec- 
tively made up in these sample tests of 
two parallel paths with quite different 
time constants, namely, the gaseous are 
column residue and the heated “‘are 
trail’ on the refractory surface adjacent 
to it. After 200 microseconds in the test 
of Figure 4, it is presumed that the con- 
duction was almost entirely along the 
ceramic surface, which behaved much 
like the gaseous are column except for the 
relatively long time constant of the sur- 
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face path. This conducting surface path 
consisted of a thin layer only a few mils 
thick heated nearly to incandescence. 
Its energy loss was presumed to be mainly 
by thermal conduction into the body of 
the test sample. At times shorter than 
about 100 microseconds it is deduced that 
the remanent gaseous are column still was 
carrying an appreciable part of the ob- 
served “Jeakage’’ current and, because of 
its much shorter time constant, gave a 
composite behavior with the apparent 
time constant of only 62.5 microseconds. 

On the basis of this presumption, as- 
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suming equation 2 with the constants for 
the upper line in Figure 4 to hold at all 
times for the component of conductance 
along the ceramic sample and assuming 
also that all the measured power input 
went into the surface path (nearly true, 
since a considerable part of the loss from 
the gaseous path must be by conduction 
and convection to the closely adjacent 
solid surface), the surface conductance 
was extrapolated backward from 200 
microseconds by numerical integration of 
equation 2 and was plotted as the dotted 
line in Figure 5. The difference between 
this extrapolated surface conductance 


Figure 13 (left). Two standard 
plates assembled as in the arc 
chute of the circuit breaker 


Figure 14 (right). Parallel 
plate sample test arrangement 
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‘ o 
i) 
and the observed total are path condu 


ance, the dot-and-dash line in Figure 5 
the deduced actual are conduct 
The latter is very nearly a simple | 
ponential decay curve with a time con 
stant of 31 microseconds, becoming 
tually zero in about 100 microsecon: 
The power input to the gaseous portion of — 
the are path (not plotted) was compara- 
tively small, reaching a maximum of 100 
watts at 40 microseconds. From the 
near-exponential shape of the gaseous — 
path conductance curve it may be s 


possibly being of the same order as No 
for the ceramic surface path (estimated 
to be 1,375 watts). ; 

It is clear from Figure 5 that, with the 
rate of voltage rise attained in the 
sample tests, the decay of gaseous are | 
conductance was little affected by th 
applied voltage and the gaseous are we 
never in danger of being reignited directly 


the gaseous are conductance. How- | 
ever, had the rate of voltage rise been 
enough greater, the gaseous arc might | 
have been reignited directly without the | 
intervention of the surface leakage path. _ 

As in all are tests, apparently random | 
variations in behavior from one test to the — 
next make it difficult to pick out one par-_ | 
ticular sample test as typical. The test — 
of Figure 2C was" actually not quite 
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Figure 15. Cathode-ray oscillograms of 
parallel plate sample tests (zircon plates 1/8- 
inch apart with 7/8-inch electrode separation) 


typical in that its conditions were closer 
to critical than usual, resulting in a some- 
what exceptionally long period of residual 
current flow. The marked pause in 
conductance change was more usually 
followed by an up- or down-turn soon 
after 200 microseconds, but longer pauses 
before eventual extinction or reignition of 
the arc were not uncommon. 


DIFFERENT PLATE 
{ 


TESTS WITH 
MATERIALS 


Tests on a number of other highly re- 
fractory ceramic materials gave results 
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ionization of the gaseous arc, reducing its 
conductance practically to zero often by 
the time current zero was reached. The 
gas evolution also must have added sig- 
nificantly to the net rate of energy loss 
from the conducting surface layer and so 
made possible the higher observed di- 
electric strength. 

The cyclograms of Figure 6 illustrate 
the behavior of semirefractory surfaces 
capable of a slight evolution of gas when 
heated by the arc. Figure 6A clearly 
differs from Figure 2C in the noticeably 
sharper curvature of the volt-ampere 
locus just before zero and the almost 
constant slope] just after zero in Figure 
6A. In Figure 6B, for the second test on 
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Figure 16. Volt-ampere cyclograms of near- 

critical parallel plate sample tests with zircon 

plates at various plate and electrode spacings, 
192 volts, 300-ampere setting 


the same spot, the gas-blast effect is less 
pronounced and the are is reignited at 
the end of the first half-cycle. Time plots 
cyclograms are shown in 
Figures 7 and 8. The curves could be 
plotted with considerable accuracy during 
the 100 or so microseconds embracing the 
current zero because of the presence of 
clearly visible 10-microsecond time 
markers along the volt-ampere loci. The 
longer time values were obtained as be- 
fore by fitting a section of the open-circuit 
voltage wave to the directly observed 
transient This method 
could not be applied, of course, beyond 


from these 


voltage rise. 


essentially similar to those on zircon. Merge [cee 
Tests on samples of less refractory ma- 
terials like asbestos board gave notice- pee oS ae 
ably different results in that the rate of in 
fall of conductance just prior to current HE Bree os at ae 
zero was higher and that just after zero D 8 is le 
was lower than with zircon. Such ma- g 8 pease ae 
terials also successfully withstood higher 3 by Sayers 
restored voltage gradients on _ initial poor BC82) 28 asey ony auiewanas 
tests, but this ability rapidly disappeared 
With repeated arcing as the less refractory Zo0:y 9.01 Nanas 
and presumably gas-generating com- 
ponents of the surfaces were baked out. ne Go a 0 Oe as SOR ta 08 BerOe COONS ZOO RE GOO 
It appeared that gas evolution from the ee 
fresh surfaces accelerated cooling and de- Figure 17. Time plot of quantities from Figure 16A, 1/8-inch plate spacing 
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the current upturn at 300 microseconds in 
Figure 8. 

A plot of the variables of equation 2 
taken from Figure 7 is shown in Figure 9. 
From 25 until 200 or 300 microseconds 
after current zero the locus follows very 
closely a straight line with the constants: 
9=180 microseconds and No»=950 watts 
per inch. At later times the rate of con- 
ductance decay was first much greater 
and then somewhat less than called for 
by the line. This wandering of the locus 
about a mean line seems to be a fairly 
characteristic pattern of behavior in 
these tests. It undoubtedly indicates 
long-time variation in the quantities as- 
sumed to be constant in equation 2, and 
it also may reflect inhomogeneity in the 
arc path. In particular, if the middle 
portion of the are “‘bowed out”’ slightly, 
as it was often observed to do, striking a 
fresher and cooler surface, the middle 
portion of the surface leakage path might 
well have had a shorter time constant, 6, 
than the portions next to the electrodes. 
If this were true, the faster changing 
section of the path, being in series with 
the rest, might well have contributed a 
disproportionate share to the observed 
rate of conductance loss until voltage 
concentration across it tended to restore a 
balance. 

Of special interest also in Figure 9 is the 
exceptionally long region before current 
zero in which the locus, though consider- 
ably curved, tends at its lower end to 
follow a line for 0=24 microseconds and 
No= 1,440 watts perinch. By comparison 
with the results for plain zircon (Figures 
4 and 5) these values suggest quantita- 
tively a cooling and deionizing effect on 
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Figure 18. Time plot of quantities from Fig- 
ure 16B, 1/8-inch plate spacing 
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the arc residue of a slight “blast” from the 
gas-evolving plate. 

It was shown by one of the present 
authors? that the are during the highly 
conducting period before current zero 
could be represented better by a model 
equation of the type suggested by A. M. 
Cassie® than by equation 2. The Cassie- 
type equation, based on the concept of an 
are of constant resistivity but varying 
cross section, leading to a characteristic 
are voltage gradient in the steady state, 
can be written 


d fi (e/Eo)? — 1 
R = 

dt (;.) 6 ot 
where 


e=applied voltage gradient 

Ay =steady-state are voltage gradient 

@=time constant of are conductance =ratio 
of energy storage per unit volume to 
rate of energy dissipation per unit 
volume 


To test the applicability of this equation, 
the per-unit rate of conductance change 
before current zero in test of Figure 6A 
has been replotted in Figure 10 against 
the voltage gradient squared. It is 
evident that the valucs prior to 10 micro- 
seconds do fall in line according to equa- 
tion 3 much better than they did accord- 


ing to equation 2. The line in Figure 10. 
has intercepts yielding the model values, 
@=16 microseconds and Hy)=111 volts a 
inch. It appears that the dynamic ar 
behavior in this test was of the Cassie: 
type right up to current zero. ‘ 
Figure 11 is a plot according to equa 
tion 2 of the data from Figure 8, showing 
the locus for an are reignition. In this) 
second test on the same spot, the pre- 
current-zero line indicates a somewhat, 
longer are time constant, 38 micro- 
seconds, than in-the first test on the same 
spot, and the transition region appears to” 
last longer than before—to about 50. 
microseconds instead of 25. After 50 
microseconds, the values fall fairly close. 
to a line with the same intercepts, 9=180 
microseconds and N»=950 watts per 
inch, as was drawn for this later region in. 
Figure 9 for the first test. In this case, 
however, the power input exceeded No 
and continued to rise with the rising 
voltage, leading to an upturn of con- 
ductance and eventually to complete are 
reignition. after 300 or so microseconds. 


CRITICAL Power INPUT TO PLATE 
SURFACE 


A cursory study of a large number of 
volt-ampere cyclograms and of their time 
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Figure 20. Time plot of quantities from Figure 16D, 3/16-inch plate spacing — 
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Figure 21 (left). 
200 Plot of per-unit 


rate of change of 
conductance ver- 
sus power input 
per inch of arc 
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plots for the sample tests strongly sug- 
gested that the arc path resistances at the 
“knees” of the voltage-rise curves were 
critical in determining arc extinction or 
reignition. To test this suggestion and to 
aid in correlating the variable test re- 
sults, a great many plots like that of 
Figure 12 were made. Against the ex- 
perimentally adjusted variable, electrode 
separation, the ‘“‘watts-per-inch’’ quan- 
tity, £?/RI, was plotted for each individual 
test with a given set of conditions. The 
value / was the mms circuit voltage, ap- 
proximately equal to the restored voltage 
at the end of the transient rise. This 
voltage squared was divided by the arc 
path resistance, R, determined from the 
eyclogram by measuring the slope in 
volts per ampere of a line drawn from the 
origin to the point on the volt-ampere 
locus where thickening of the trace 
showed the beginning of the slower volt- 
age rise along the sine wave of generated 
voltage. By dividing also by /, the 
electrode separation, the quantities were 
made comparable for all values of /. The 
plotted points in Figure 12 do fall into 
rather sharply défined regions, the “fail- 
ure” points (crosses) lying mostly above 
and the “work” points (circles) lying 
‘mostly below a critical dividing line at 
790 watts per inch. This was true at both 
192 and 288 volts, the higher circuit volt- 
age merely requiring a nearly proportion- 
ate increase in electrode spacing to equal- 
‘ize the chances of arc extinction or reigni- 
tion. The vertical line at each voltage 
dividing the region of mostly circles from 
the region of mostly crosses indicates the 
critical electrode spacing at that voltage. 
couse of the method of calculation, ac- 
tual applied volts not being used, the 
E?/RI values are not strictly equal to 
actual watts per inch, but it is interesting 
to note that the critical value, 790 watts 
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spacing) 


per inch, is not far different from the Np 
values in watts per inch observed for the 
surface conductance lines in the equa 
tion 2 plots of Figures 4, 9, and 11. 


Sample Tests with Arcs between 
Parallel Plates 


The  single-plate 
described previously fail to duplicate in 
several particulars the are situation in the 
chute of a magnetic-type air circuit 
breaker. In one such circuit breaker, the 
Westinghouse Type DH, zircon porcelain 
plates with tapered offset slots as shown 
in Figure 13 are stacked alternately be- 
tween the poles of the blowout magnet so 
that the are is driven to the tops of the 
slots by the field and held there by the 
slot ends with most of the are confined 
in the 1/8-inch spaces between the paral- 
lel plates, where the are axis generally is 
parallel to the field flux. As a better ap- 
proximation to this situation, the parallel 
plate arrangement shown in Figure 14A 
was devised for making further sample 
tests. In the circuit breaker chute, each 
elementary are portion is joined to those 
in the adjacent interplate spaces by short 
sections of are passing through the slots. 
In the test arrangement of Figure 14, the 
rectangular bar graphite electrodes take 
the place of the connecting are portions in 
the plate slots. As in the circuit breaker, 
there is no direct continuous path along a 
plate surface immediately in parallel with 
the arc. There also is no transverse 
magnetic field driving the are against one 
plate surface, as was the case for the 
single-plate sample tests. 


small-sample tests 


ANALYSIS OF CONDUCTING PATHS WITH 
PARALLEL PLATES 


However, the differences with respect 
to are extinction or reignition between the 
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two sample test arrangements are less 
drastic than they may at first appear. 
When the arc-gas conductivity is rela- 
tively high, as it is during most of the 
current half-cycle, the current flow in the 
parallel plate sample test is something 
like that shown in Figure 14B, and there 
can be some current flow also through the 
heated conducting surface layers of the 
adjacent plates in parallel with most of 
As the are-gas conductivity 
drops near current zero faster than the 


the are, 


plate surface conductance, the current 
flow pattern will change through some 
transition period until it approaches that 
of Figure 14C for relatively low gas con 
ductivity, In Figure 14C, the conduc 
tivity ratio is such that the plate leakaye 
paths are practically equipotential sur- 
faces and the applied voltage is essentially 
Hence, in the 
final “leakage” 
currents are limited by the resistivity of 


all across the gas space. 
stages, the observed 
the are gas rather than by the surface re- 
sistance of the plates, a situation essen 
tially different from that of the Figure | 
type (single plate) sample tests. 

In the intermediate stages of conduc- 
tion, between the extremes represented 
by B and C in Figure 14, the current flow 
lines must have some complex pattern 
which is difficult to analyze exactly but 
which is characterized by series-parallel 
connection of the gaseous and surface 
leakage paths with the flow and equipo 
tential lines slanted so as to be neither 
parallel nor perpendicular to the plate 
surfaces. During this transition period 
the leakage current is limited jointly by 
the two elements; the conducting gas and 
the conducting surfaces. Because of the 
geometry of the situation, this period may 
be relatively long, since, when the ex 
treme condition of Figure 14C is ap- 
proached, the now relatively short and 
parallel paths through the gas may still 
be able to carry the residual current with 


AOS 


comparatively low voltage drop even 
though the gas conductivity in mhos per 
unit volume has reached small values. 
As an example, with 1/8-inch plate spac- 
ing and ten times as great (1!/,inch) 
electrode separation, the gas space re- 
sistances would be essentially the same in 
Figures 14B and 14C if the gas conduc- 
tivity in the latter case were only 1/(10),? 
or 1 per cent of that in the former. (The 
gaseous conductor would new be one- 
tenth as long and ten times as wide as be- 
fore.) Thus, there still may be a con- 
siderable period when the residual current 
is limited chiefly by the “leakage” re- 
sistance of the heated plate surfaces even 
though a gas space of diminishing con- 
ductivity is in series with the surfaces. 
This helps to explain the marked super- 
ficial resemblance between cathode-ray 
oscillograms of these parallel plate tests 
and those of the single-plate sample tests. 


OSCILLOGRAMS OF PARALLEL PLATE TESTS 


Figure 15 shows a series of four cathode- 
ray oscillograms of are current and 
voltage near current zero for some of the 
early parallel plate tests, made as before 
at 192 volts and 300 amperes. Figure 
15A is a fairly typical current-time record 
showing a test in which the residual cur- 
rent reached a peak of a little more than 
an ampere in 30 or 40 microseconds and 
decayed rather rapidly thereafter. In 
Figure 15B, there was no measurable re- 
sidual current, apparently because of 
“rectification,” or failure of the are to 
develop a new cathode spot on the former 
anode terminal, indicating that the arc 
spot must have been in rapid motion. In 
Figure 15C there is a short “‘current-less”’ 
pause, followed apparently by breakdown 
along a path outside the confined space 
between the plates, since the subsequent 
larger and much more slowly varying re- 
sidual current is characteristic of an un- 
confined are of this magnitude in air. 
Figure 15D is a typical volt-time record 
showing the transition from the opposing 
are voltage to the rising portion of the 


Figure 23. Plot of per-unit rate of change of 

conductance versus volts-per-inch squared for 

parallel plate sample test of Figure 16D 
(3/16-inch plate spacing) 


VOLTAGE GRADIENT SQUARED 


sine-wave line voltage with just a slight 
“overshoot.”’ Timing-marker blanks in all 
the oscillograms are 100 microseconds 
apart. 

In Figure 16 are shown volt-ampere 
cyclograms of four of a series of parallel 
zircon plate sample tests at three dif- 
ferent plate spacings with electrode 
separations near the critical value for 
each. Ata plate spacing of 1/8-inch, the 
critical electrode separation was only 
3/4-inch, considerably less than the 
critical value for the single-plate sample 
tests. This difference seems to indicate 
considerable effectiveness of the series 
gaseous are gap in reducing the power in- 
put to the ceramic leakage surfaces for 
the same average voltage gradient. 

Figures 17 and 18 are replots, respec- 
tively, of cyclograms A and B in Figure 
16, both for 1/8-inch plate spacing and 
7/8-inch electrode separation. The curves 
in Figure 17 for the successful interruption 
are rather unlike those of Figure 3 for 
the single-plate sample test on standard 
zircon, but this difference seems to be 
mainly the result of difference in the 
nearness to critical conditions for are 
reignition in the two cases. The much 
smaller current-zero are path conductance 
in the test of Figure 17, where the elec- 
trode spacing was greater than critical, 
permitted a faster transient voltage rise 
than that in Figure 3 and also led to a 
much faster further decay of are path 
conductance. In Figure 18 it may be 
seen that the are path conductance at 
current zero was about 50 per cent 
greater than in the test of Figure 17. 
With this larger conductance, the power 
input increased enough faster, in spite of a 
somewhat reduced rate of voltage rise, 
to cause the conductance to level off and 
then increase again beyond 100 micro- 
seconds, leading finally to arc reignition. 
Figure 18 is generally similar to Figure 8 
for the gas-evolving single-plate ‘‘failure’’ 
test, even having the same minimum 
value of conductance. 


EFFECT OF PLATE SEPARATION 


With the parallel plate structure it was 
easily possible to try the effect of another 
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variable, the distance between ;the ad- 
jacent plates. Values for the test of 


in plate spacing to 3/32-inch are plotted 
in Figure 19, and values for the test of 
Figure 16D with a 50 per cent increase in — 
spacing to 3/16-inch are plotted in Figure 
20. The current-zero conductances it 
these two tests were nearly in the same 
ratio, 1 to 2, as the plate spacings and the — 
rate of conductance decay was much — 
slower, both before and after current — 
zero, with the larger spacing than with — 
the smaller. 


ANALYSIS IN TERMS OF MODEL 
EQUATIONS 


As was done before for the single- 
plate sample tests, an attempt has been | 
made to interpret these data in terms of | 
the simple arc model equations. This at 
tempt has had more apparent success for | 
the earlier parts of the conductance — 
curves than for the later parts, where the : 
interaction of the gaseous and solid sur-__ 
face resistance is far more complex than _ 
with the single-plate tests. In the model 
equation plots of Figures 21, 22, 23, and | 
24 for the parallel plate tests at 1/8, | 
3/32, and 3/16-inch plate spacing, the | 
loci plotted before current zero show a __ 
very definite effect of plate separation on 
the time constants for this region of | 
mainly gaseous conduction. As the plate 
spacing is made smaller one would ex- 
pect the relative rate of power loss by gas” | 
cooling and deionization to increase, thus i 
reducing the arc time constant, and con- | 
versely, since the power loss term, No, | 
appears in the denominators of the frac- | 
tions defining the time constant. In ac- | 
cordance with this expectation, 
roughly indicated are time constants with | | 
the different spacings are as follows: 17 | 
microseconds at 3/32-inch (Figure 22), | 
39 microseconds at 1/8-inch (Figure 21), 
and 64 microseconds at 3/16-inch (Figure 
28). x 
Figure 24, Plot of per-unit rate of change of | 
conductance versus power input per inch of | 
arc path for parallel plate sample test of Fig- 

ure 16D (3/16-inch plate spacing) | 
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In the case of the test of Figure 16D 
at 3/16-inch plate spacing where values 
are available over an exceptionally long 
time before and after current zero, it 
again appears that the Cassie-type equa- 
tion (Figure 23) gives a better linear fit 
with the data before current zero than 
does the Mayr-type equation (Figure 24). 
After cutrent zero, however, when the 
conductance apparently was dominated 
by the more slowly responding solid sur- 
faces, Figure 24 shows that a better and 
more reasonable fit is obtained with the 
power input plot for the Mayr-type equa- 
tion. 

The constants indicated for the 
latter region in Figure 24 are: 0=167 
microseconds and N)=1,250 watts per 
inch, values not far from those similarly 
obtained for the single-plate sample 
tests. In comparing the Mayr and Cassie 
are model equations, 2 and 3, it can 
readily be seen that they are identical 
for small variations in are power and 
conductance, the departure showing up 
only over an extended range of the vari- 
ables. 


OTHER CURRENTS 


As a basis for comparing the behavior 
of various plate materials, practically all 
the sample tests were made at the one 
current value, 300 amperes. A few tests 
have been made with the parallel plate ar- 
rangement at 1,100 amperes and similarly 
analyzed, but no essential difference in 
behavior at this higher current was re- 
vealed. 


Conclusions from Sample Tests 


This study of a-c are extinction ad- 
jacent to refractory insulating plates has 


Discussion 


(( 
R. C. Van Sickle (Westinghouse Electric 
Corporation, E. Pittsburgh, Pa.): As an 


_ engineer working on the development of 


power circuit breakers, I find these studies 
of arc characteristics near current zero of 
great interest. It is the conductivity of the 
are space and its relative magnitude with 
respect to the capacitive impedance of the 
transient recovery voltage circuit that en- 
ables power circuit breakers to interrupt 


_ circuits having extremely high natural fre- 
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quencies. The oscillographic records of 


_ voltage in this paper show almost no trace 


of the natural frequency of the circuit, indi- 


cating that the conductivity of the arc 
_ space was large enough to control the char- 
' acteristics of the recovery voltage. 


Such measurements as these on power 


circuit breakers will facilitate the applica- 
tion of circuit breakers at locations havin 
high natural frequencies. : 


shown that: 

1. The are path conductance decays 
fairly slowly after a current zero, momen- 
tarily permitting appreciable residual 
currents to flow even when the circuit is 
finally interrupted. 

2. Extinction or reignition of the arc 
after a current zero depends on the rela- 
tive magnitudes of (a) the rate of energy 
loss from the arc path and (b) the power 
input resulting from the rising restored 
voltage applied to the arc path. Any sus- 
tained excess of power input over rate of 
energy loss generally results in arc reig- 
nition. 

3. The residual conductance near cur- 
rent zero is made up of two essentially 
parallel parts: (a) the gaseous arc resi- 
due with a time constant for conduct- 
ance change of some few tens of micro- 
seconds, and (b) the heated arc trail or 
trails on adjacent refractory surfaces with 
a time constant of the order of 200 micro- 
seconds. 

4. The rate of decay of the gaseous arc 
conductance can be accelerated by (a) a 
gas blast through the arc such as may re- 
sult from decomposition of the adjacent 
surface material, or (b) reducing the 
width of the space between arc-confining 
surfaces. 

5. With comparatively slow rates of 
rise of restored voltage, such as charac- 
terizes sample tests at a few hundred am- 
peres, the surface leakage path dominates 
the conductance and so largely deter- 
mines the interrupting ability. 


Application to Practical Circuit 
Breakers 


Extrapolation of these results to the 
limiting conditions for interruption in 


Is the apparatus which was used for these 
tests suitable for use at the larger currents 
encountered near the interrupting ratings of 
power circuit breakers? 


| 
Robert H. Nau (University of Illinois, 
Urbana, Ill.): The quantitative analysis of 
Browne and Strom agrees very closely with 
the qualitative observations I made of 
literally hundreds of interruption tests which 
accrued during the early development of the 
refractory arc chamber for both low and 
high voltages. 

Arc chambers for the 750-volt magnetic 
circuit breaker were first developed. Spaced 
asbestos board plates with narrow V-slots 
were quite satisfactory for short-circuit 
currents from a few amperes to 100,000 am- 
peres. When the development was ex- 
tended to 2,500 volts with short-circuit 
currents above 10,000 amperes erratic be- 
havior, as described in the section, ‘Tests 
With Different Plate Materials,’’ began to 
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magnetic circuit breakers with refractory 
arc chutes is difficult because of the much 
higher currents which must be inter- 
rupted by actual circuit breakers and also 
because of such additional influences as 
magnetically and thermally induced air 
flow in the circuit breaker chutes. Both 
these latter influences and the higher 
rates of current change near zero may 
alter essentially the relative importance 
of the limiting factors mentioned in the 
preceding section, but it is believed that 
the general conclusions 1, 2, 3, and 4 ap- 
ply to the circuit breaker as well as to the 
sample tests. 

Because of the possible differences, 
there clearly is need for extending studies 
of this type to actual circuit breaker arc 
chutes operating at currents up to their 
full interrupting limits. The authors are 
attempting to do this, and it is hoped that 
the very formidable experimental difficul- 
ties at these high currents may soon be 
overcome sufficiently to make accurate 
measurements and analyses of such larger 
scale tests also possible. 
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hamper the development. The asbestos 
board possessed hygroscopic properties, 
contained fusible ingredients, and displayed 
erosion qualities which gave rather con- 
sistent patterns of test results on respective 
test chambers. 

The discovery of the zircon refractory 
immediately raised the ceiling. By proper 
V-slot design, refractory plate spacing and 
co-ordination with the magnetic field, the 
several magnetic air circuit breaker ratings 
were obtained. The voltage which could be 
interrupted was found to bea function of the 
magnetic field strength and the number of 
refractory plates per arc chamber. The cur- 
rent that could be interrupted for a given 
voltage depended a lot upon the plate width, 
the spacing of the plates, and somewhat 
upon the slot shapes. The nature of the 
refractory plates fairly well eliminated any 
gaseous discharge or gas blast in the pres- 
ence of the arc. It was found expedient to 
co-ordinate. the. several design features so 
that the are would not slide up into the 
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narrow parts of the V-slots, under action 
of the magnetic field and the self-generated 
gas blast, until after the current had begun 
decreasing toward zero in cycle. Hence the 
are was not permitted to play at any one 


spot, and, thus, to raise the surface conduct- 
ance as much as might otherwise be ex- 
pected. 


It is evident that the space between the 
refractory plates provides a chimney or 
exhaust for the self-generated gas blast 
and are by-products. The lateral space also 
provides deionization surfaces. Therefore, 
I wonder concerning the significance of the 
conclusion, part 4(b), which states that 
“reducing the width of the space between 
are confining surfaces’? accelerates the 
decay of the gaseous are conductance. 

It is gratifying that the quantitative 
analysis reported by Browne and Strom 
support almost completely the previously 
made qualitative observation. 


W. O. Kelham (Liverpool University, 
Liverpool, England): The near zero current 
and voltage measurements presented in the 
paper give a good indication of the mode of 
operation of the interrupting device. Con- 
siderable residual conductivity after current 
zero is exhibited and the dynamic charac- 
teristic of the residual discharge under the 
influence of the factors stated by the author 
clearly determines whether or not the cir- 
cuit is cleared at a particular current zero. 

For near critical conditions the rate of 
rise of restriking voltage is independent of 
the circuit natural frequency and, following 
the knee in the recovery voltage waveform, 
the voltage across the interrupter is ap- 
proximately constant. The “critical watts 
per inch” indicated by Figure 12, 790 watts 
per inch, for the period immediately follow- 
ing steadying out of the voltage wave, is 
noticeably close to the value of the product 
of voltage and current which would be ob- 
tained from a static are characteristic for 
a carbon are in air with the same applied 
voltage (160 volts) and electrode separation. 
Thus the criterion for failure or clearance 
at a particular current zero would appear 
to reduce to whether or not the current, 
immediately following steadying out of 
the voltage wave, exceeds that which 
would be obtained from a static are charac- 
teristic under the same conditions. 

If the power input (i.e., the current) at 
this time slightly exceeds the critical value 
d/dt(1/R) is positive and the current in- 
creases. Conversely, if the power input is 
slightly less than critical d/dt(1/R) is 
negative and the current decreases,, For 
the case where the current has the critical 
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Figure 1. Volt- 
ampere cyclograms 
of model circuit 
breaker tests at 
6,250 amperes, 
1,150 volts, with 
four standard zircon 
plates in the chute, 
air-core field 


(A) (left) Tests with 
B,/l = 0.15, flux 
lagging the current 
i by 20 degrees 

(B) (right) Test with 
Bn/l = 0.125, flux 
in phase with the 

current 
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value, power input equals power loss, the 
residual discharge is just stable under the 
influence of the applied voltage and d/dt- 
(1/R) is zero. Thus one would expect 
that the value of power input when 
d/dt(1/R)=0, obtained from such _ plots 
as Figures 4, 9, and 11 for near critical 
current zeros, would be the same as the 
“critical watts per inch.” 

It seems significant that the same value 
(S00 watts per inch) of power input when 
d/dt(1/R)=0 is obtained in the plots of 
Figure 21 and Figure 24 even though the 
physical conditions of the interrupter and 
interrupting capability are somewhat dif- 
ferent. If this is generally true, does it not 
mean that the factors which make one 
arrangement better than another are only 
effective in the near zero period at currents 
less than 5 amperes? 

The plots of Rd/dt(1/R) against the 
product of voltage and current and 
against voltage squared during the near zero 
period confirm that the dynamic character- 
istic of the discharge is of the general form 
Rd/dt(1/R)= F'(Q)/F(Q)/(W— N). There 
is a fair agreement to Cassie’s form of the 
equation prior to current zero and to Mayr’s 
form after current zero. However, the agree- 
ment is not exact even for this very simple 
interrupter and, together with the random 


vy . 
not be used to predetermine accurately the 


performance of a particular arrangement. 
The phenomenon of conductivity along 
the surface of the refractory plate would 
seem to merit a more thorough investiga- 
tion, as it sets a limit to the performance of 
the interrupter. Is it possible that the con- 
duction phenomena is related to the effect 
of the high temperature surface on ad- 
jacent layers of gas, rather than actual 
conduction through the refractory material? 


In similar tests using a plain break in 


air between brass and steel electrodes, but 
with no adjacent refractory plates, it was 
my experience that the dynamic are theories 
could not generally be applied. This was 
due to an effect at the new cathode after 
current reversal. The conditions at this 
electrode were such that no current flow 
(greater than 0.02 ampere) occurred until 
the restriking voltage exceeded 300 volts 
(approximately), a voltage of the order 
of the minimum breakdown voltage in air. 
Only at certain current zeros, particularly 
for high currents and low contact separation 
when no attempt was made to clear the 
circuit, was the new cathode at current 
reversal sufficiently heated to form a 
cathode spot immediately and permit 
current flow with a low are voltage. Pre- 
sumably the use of graphite electrodes 
eliminates this effect, graphite being a 
thermionic emitter of electrons, and this 
accounts for the absence of any marked 
zero pause in the author’s tests. 
Preliminary experiments using much more 
efficient blast types of interrupter under 
high current and high voltage test conditions 
have indicated that residual currents are 
not in general the determining factor govern- 
ing whether or not the circuit is cleared at a 
particular current zero, although they may 
set an upper limit to the rate of rise of 
restriking voltage which can be dealt with. 
Failure at a near critical current zero 
normally occurs with a spark type break- 
down some time after current zero. Con- 
tinuous conductivity is apparent through- 
out the near zero period only for tests in 
which practically no attempt is made to 
clear the circuit. However, the near zero 
measurements of current and voltage give 
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Figure 2. Model circuit breaker with four zircon plates interrupting 6,250 amperes at 1,150 


a. volts, B,,/1 = 0.15, flux lagging 20 degrees 
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Figure 3. Model circuit breaker with four zircon plates failing at 6,250 amperes, 1,150 volts; 
B,,/l = 0.125, flux in phase with the current 


mode of operation of the interrupters, and 
certainly they provide the only satisfactory 
method of checking the applicability of the 
dynamic are theories. 


T. E. Browne and A. P. Strom: In reply 
to Mr. Van Sickle’s question regarding the 
application of these techniques to actual 
circuit breakers, we have attempted to 
apply this method of studying residual 
conductivity in the are path following the 
last half cycle of power current in circuit 
breakers up to maximum currents of about 
20,000 amperes. The present performance of 
the measuring devices does not permit us to 
make accurate measurements at the 20,000- 
ampere level, although approximate results 
ean be obtained. However, up to about 
10,000 amperes reasonably reliable measure- 
ments have been made. 

Figure 1(A) of this discussion shows a 
volt-ampere cyclogram of a successful inter- 
ruption at 6,250 amperes on a model circuit 
breaker consisting of four zircon plates like 
those shown in Figure 13 of the paper. 
Figure 1(B) of this discussion shows a 
similar volt-ampere cyclogram for a failure 
test at the same current. 

) Figures 2 and 3 of this discussion, 
respectively, show replots from the oscil- 
lograms 1(A) and 1(B) of volts, amperes, 
conductance, and''power input to the are 
space, plotted to a time base for a few 
"microseconds just before and about a hun- 
‘ ‘dred microseconds just after the zero value 
of the are current. In drawing these curves, 
Beome estimation was necessary in locating 
the zero current and zero voltage point, 
but this does not appreciably affect the 
“curves except for a possible slight displace- 
“ment along the time axis. 
It may be observed in Figure 2 that the 
power input rose to 23 kw at approximately 
60 microseconds after current zero. This 
ge power input was absorbed by the arc 
ace and the four ceramic plates of the 
terrupter without an increase in conduct- 
ce. The conductance then dropped 
pidly to zero. This test, however, was a 
failure as indicated by the long period 
of nearly constant conductance. Figure 
of this discussion, a replot from the failure 
test oscillogram Figure 1(A), shows about 


twice as much conductance at current zero 
as the successful operation. The are space 
and ceramic surfaces were unable to with- 
stand the resulting power input which 
reached almost 30 kw at 60 microseconds 
after current zero. This resulted in a rising 
conductance and failure. 

It may be observed that the traces in the 
oscillograms of Figure 1 fail to pass directly 
through the origin of the axes. This, we 
believe, indicates a slight phase displace- 
ment in the current measuring equipment, 
since it is reasonably certain that the cur- 
rent and voltage in the arc space pass 
through zero simultaneously. Such devi- 
ations of the record can be accounted for 
by a remanent inductance in the current 
measuring shunt of as little as 10~* henrys 
or by a small shift in the zero axis of the 
amplifier, or both. 

The measuring difficulties naturally in- 
crease with increasing values of short cir- 
cuit current, since the rate of change of 
current varies directly as the current, caus- 
ing inductive voltages in shunts and higher 
effective frequencies to which the amplifier 
must respond. The maximum current that 
can be studied is thus mainly a problem of 
improvements in the measuring instru- 
ments and techniques. Such improve- 
ments are contemplated and it is hoped 
that these will eventually permit the meth- 
ods described in this paper to be applied to 
the study of breakers operating at the high- 
est short circuit currents. 

We wish to thank R. H. Nau for his ac- 
count of the background of our studies. 
Our tests were designed to approximate con- 
ditions in practical are chutes near or just 
beyond the limits for current interruption 
where considerable heating of some plate 
areas does occur. Since all of the conditions 
could not be duplicated in our simplified 
sample tests, it is likely that our results 
with the samples indicate some but not 
necessarily all of the important factors. 
This applies especially to the relative im- 
portance of surface leakage and residual 
gas conductance. It is interesting to note, 
however, that our results with the parallel- 
plate sample tests agreed with pre- 
vious design tests on breaker chutes in 
yielding a plate spacing of 1/8-inch for 
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optimum volts-per-inch interrupted. 

In reply to the very careful and ap- 
preciated discussion by W. O. Kelhaim, of 
Liverpool, England: 

1. As mentioned in the paper, it is 
considered significant that the power input 
for d/dt(1/R)=O0 in the plots of Figures 
21 and 24 and the like agree so nearly with 
the “critical watts per inch” values of 
Figure 12, and incidentally of very many 
similar plots not published. These values 
should not be exactly the same, however, 
since as also mentioned, the ‘watts per 
inch”’ quantity was only approximately the 
same as true power input because rms 
circuit volts was used instead of actual in- 
stantaneous restored volts in computing 
the quantity in Figure 12. 

2. It may very well be true, as Mr. 
Kelham suggests, that the deciding factors 
determining the advantage of one arrange- 
ment over another exist principally in the 
near-zero period where the currents are less 
than 5 amperes or so. This period can 
hardly be independent, though, of arc 
conditions just prior to the zero period, 
especially the rms magnitude and hence 
rate of fall of the are current as zero is 
approached. Magnetic fields or thermally- 
induced gas flow in an are chute may also 
be very important in ‘‘setting the stage” 
for the zero period. 

3. The apparent fact of only approxi- 
mate agreement between the plots and 
either Cassie’s or Mayr’s type of dynamic 
are equation is freely admitted, but it is 
felt that these equations may still be useful 
even if they can serve only for very rough 
semi-quantitative computations or pre- 
dictions, since more exact methods of ap- 
proach are still unknown. 

4. The conduction phenomenon along 
the heated surfaces of the refractory plates 
has received considerable thought and some 
experimental study not reported in the 
paper. It is considered doubtful that con- 
ductivity in the immediately adjacent gas 
layer can persist for the long times observed 
after the decay of the short-lived residual 
gas conductance associated with the main 
current flow, as illustrated in Figure 5. 
This surface conductance, though critical 
in the sample tests, may not always be a 
limiting factor in the more complex case of 
an actual breaker are chute interrupting 
many thousands of amperes. On this point 
especially, more work does need to be done. 

5. As pointed out by Mr. Kelham, the 
dynamic are equations, which apply to the 
conductance of the positive column alone, 
do not work for comparatively short arcs 
between most metallic electrodes. He 
rightly presumes that we used graphite 
electrodes to eliminate this “new cathode” 
effect. The equations should apply to long 
ares where restriking voltages can exceed 
several thousand volts, as in a full-size 
circuit breaker arc chute. 

6. Mr. Kelham is probably correct in 
his impression that residual currents are 
not directly involved in the normal operation 
of air-blast circuit breakers employing high 
air pressures. It is felt, however, that they 
may be of dominant importance for such 
circuit breakers operating near their ulti- 
mate current interrupting limits in high- 
natural-frequency lower voltage circuits. 
The current limit for the importance of this 
effect wil! be much—lower where low air 
pressures are used. 
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Power System Fault Control 


AN AIEE COMMITTEE REPORT 


Basic System Planning for Power 
System Fault Control 


Outline of Problem 


HE RAPID increase in the generat- 
ing capacity of the electric power in- 
dustry to meet its large postwar load de- 
mand has presented a serious problem 
in dealing with its increase in short-cir- 
cuit concentrations. 

To secure economical and adequate 
fault control* of both the present and 
future power system, the fault control 
function of the system should be as care- 
fully planned as the other components of 
system design. The art of power system 
fault control has by now advanced to a 
point where it can usually be applied in 
clearly cut systematic plans that will not 
hamper system operation, become ob- 
solete with system growth, or be unduly 
expensive. 

Inquiries reveal a widely held opinion 
among power system engineers that the 
facilities which power systems have pro- 
vided for short-circuit control have too 
often been haphazard, as though the re- 
sult of afterthought, and without much 
regard for future system growth and 
change; rather than as fundamental 
parts of a master plan of system growth, 
to be included in the original designs of 
stations and system. 

Since many of our power systems are 
making changes to handle their increased 
short circuits, this is an opportune time 
for the industry to establish the best 
practices in fault control. Certain broad 
and basic principles of fault limitation 
and removal should be chosen by each 
power system and be included in its 


* The term “fault control’’ refers to both the limita- 
tion of, and removal of, system faults, Limitation 
of faults refers to the limitation of-fault»currents, 
of overvoltages during thaits and of recovery volt- 
ages, 
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philosophy of system development. These 
basic principles are emphasized in this 
report, while leaving the details of ap- 
plication to the system designers. 

As a rule, the problem of fault control 
is one of balancing the cost of those 
facilities against the operating flexibility 
of the system. Most any system can, ata 
minimum cost, be split and divided at 
busses and between areas, or current 
limiting impedances can be inserted, so 
that the faults will be held within the in- 
terrupting capacities of most of its ex- 
isting circuit breakers; and its relaying 
can be arranged so that any remaining 
heavy faults that do occur can be cleared 
by a few large back-up circuit breakers; 
but care is needed to see that these ex- 
pedients are not carried too far. A power 
system, when so arranged, becomes a so- 
called soft or loosely-linked or loosely- 
knit system. If the system arrangement 
is too loosely-knit, the system becomes too 
unwieldy for good operation. At times of 
system disturbance, unnecessary and pro- 
longed loss of loads or of whole areas can 
occur, spare tie line capacity may be un- 
available to pickup loads, and dynamic 
instability can develop. During normal 
operation it may be difficult to maintain 
correct voltage levels in all areas, and 
nonuniform loading of tie lines can result 
in inefficient transmission capacity use. 

A closely-knit system uses few or none 
of these fault limiting expedients and is 
generally free from such operating re- 
strictions, but its circuit breakers must be 
large enough to handle its heavy short 
circuits, with an allowance for future 
growth, and hence, is costly. In fact, 
some of the larger power systems of both 
the metropolitan and high-tension trans- 
mission types cannot be given as closely 
knit an arrangement as their operators 
desire. Otherwise, their short-circuit 
concentrations will exceed the interrupt- 
ing capacity of the largest circuit breakers 
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the manufacturers are able to supply. ” 

Thus, it is evident that many factors — 
must be considered in planning for the — 
control of short circuits as a system ex-_ 
pands; and they must take into accou: 
both the present and future system ar 
rangements. But in the main, the choice 


type of system being considered and may 
be illustrated by comparing the metro- 
politan and the high-tension transmission 
types of systems, as described later here. _ 

As a rule, the larger power systems in 
the United States have adopted very defi- 
nite basic principles of short-circuit 
control and their station and system ad-_ 
ditions are designed to fit in with those 
principles. Their very size makes such ag 
policy necessary. They have gone . 
through periods of large and rapid system 
growth and have been forced into exten-_ 
sive studies for system planning. They 
have gone through the period when it be- 
came necessary to adopt and include cer- 
tain basic principles of short-circuit con-_ 
trol as a major policy in their philosophy 
of development. We feel that as a result 
of their experience and studies they have, 
for the most part, achieved reasonable 
balances between the cost of fault control 
and flexibility of system operation; and 
we suggest that the principles of fault 
control which they have adopted be given 
careful consideration as a policy of system 
planning, by systems of lesser size which © 
anticipate any considerable amount of 
system expansion. 


Classification of the Methods of 
Power System Fault Control 


A study of the various means of power 
system fault control shows that they can 
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be classified into ten basic methods. 
These are: 


1. Replacement of inadequate circuit 
breakers with circuit breakers of adequate 
interrupting capacity. 

2. Use of current limiting devices in the 
phase wires. These include current limiting 
reactors, of both the simple and duplex 
types, split-winding transformers, and 
double-winding generators. 


8. Use of current limiting impedances in 
the neutrals. 


4. Use of ground fault neutralizers. 
5. Isolated phase construction. 


6. Sectionalization within stations. This 
divides a station into two or more parts con- 
nected only by synchronizing ties. 


7. Sectionalization of system areas. This 
divides an entire power system into two or 
more areas with light synchronizing ties con- 
necting the areas. The division into system 
areas might, and often does, include a split 
bus in one or more stations, with one side of 
a bus connected to one area and the other 
side connected to another area—and thus 
combines sectionalization within stations 
with sectionalization of areas. 


8. Unit arrangements. Devices contain- 
ing impedances are connected in series be- 
fore their circuits are paralleled. Examples 
are: generating stations where each genera- 
tor has its own transformer, the transform- 
ers being paralleled only on the sides away 
from the generators; and transmission lines, 
each with its own transformer, and the 
transformers paralleled only on the sides 
away from the major sources of fault cur- 
rent. 


9. Pretripping. In case of heavy faults, 
one or more heavy duty backup circuit 
breakers reduce or clear the fault. The 
smaller breakers then isolate the faulted 
circuits. A backup circuit breaker may re- 
duce the fault by splitting, or partly split- 
ting, the system, or it may clear the fault by 
clearing a group of small circuit breakers 
between it and the fault. 


10. Delayed tripping. Circuit breaker 
operation is delayed to allow time for the 
current decrement to reduce the fault cur- 
rent. This method is becoming obsolete. 


The ten foregoing classifications could 
be reduced to thrée still broader classes. 
They would be: adequate circuit break- 
ers, which would include number 1 only; 
fault limitation, which would include 
numbers 2, 3, 4, 5, 6, 7 and 8; and relay 
schemes, which would include numbers 9 
and 10. 


Classification of Power Systems, 
_ According to Their Methods of 
_ Fault Control 


_ A study of different types of systems 
hows that distinctly different systems 
ave evolved distinctly different philoso- 
hies of fault control. These systems 
lay be divided in five categories as fol- 
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1. Large metropolitan systems which use a 
low ratio of Xo9/X,, that is the magnitude of 
ground fault current is comparable to the 
magnitude of fault current between phases, 
especially at station busses. (In practice, 
magnitudes of line-to-ground and 3-phase 
fault currents are usually held to about the 
same value at busses.) 


2. Large metropolitan systems which use a 
large ratio of Xo/X,, that is the ground fault 
current is small in comparison with the fault 
current between phases. 


3. Metropolitan systems of medium size. 
These systems serve cities which have 
populations of about 100,000 to 500,000. 


4. High-tension transmission systems. 


5. Metropolitan-transmission systems. 


Examples Illustrating the 
Philosophies of Power System 
Fault Control 


As contrasted with transmission sys- 
tems, the metropolitan system uses a 
large number of relatively short tie lines, 
and it uses many circuit breakers as com- 
pared with its miles of line. When the 
growing system’s increasing fault duty 
exceeds the capacity of its circuit break- 
ers, the replacement of all its under-rated 
circuit breakers with circuit breakers of 
adequate interrupting capacity becomes 
too costly, and in some cases impossible, 
for, as mentioned previously, there will be 
some locations where the unlimited fault 
will exceed the interrupting capacity of 
the largest circuit breaker manufactured. 
A compromise is the usual solution. The 
metropolitan type of system is so closely- 
knit inherently, that fault limiting de- 
vices and arrangements can be used 
rather freely without undue sacrifice of 
operating flexibility. Some circuit break- 
ers have to be replaced, but for the most 
part the short-circuit currents are 
lowered by such expedients as a reduction 
in tie line connections, splitting of busses 
sectionalization both within stations and 
between areas, phase isolation, current- 
limiting reactors, double-winding gen- 
erators, split-winding transformers, neu- 
tral impedances, synchronizing at the 
load, and pretripping. 

The philosophies of fault control, as 
evolved by the power systems which sup- 
ply the two largest cities in the United 
States, are described in the following 
paragraphs. 


A LARGE METROPOLITAN SYSTEM WHICH 
Uses A Low RATIO or X0/Xy 


This is a summary of methods used ou 
the New York City system to reduce mag- 
nitude of fault current. In New York 
City the predominant amount of genera- 
tion is 13,800 volts on the 60-cycle system 
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and 11,000 volts on the 25-cycle system. 
The generating station busses are oper- 
ated at generator voltage, with the ex- 
ception of one generating station, which is 
operated at 27 kv. In this case the gen- 
erators are connected to the busses 
through autotransformers. All high- 
tension distribution to the network system 
and substations is at generating station 
bus voltage. Tie feeders between gen- 
erating stations are operated at 11 kv on 
the 25-cycle system and at 13.8 kv and 
27 kv on the 60-cycle system. 

High short-circuit currents are a prob- 
lem on this system due to the close link- 
age between generating stations and the 
large amount of generation concentrated 
in each generating station (300-800 mega- 
watts). 

All generating stations built or re- 
vamped within the past 25 years are ‘of 
the phase isolation type of construction. 
Those built within the last 12 years have 
the metal-clad type of construction. 
With this type of construction the number 
of faults that occur will be minimized 
and most faults that do occur will be line 
to ground. However, this does not help 
much in the limitation of fault currents, 
as the ratio of Xo/X;, is three or less on the 
60-cycle generating station busses. 

The methods most commonly used on 
this system to limit the magnitude of 
fault currents are: (1) reactors; (2) 
sectionalization; and (3) pretripping. 

Reactors are extensively used on this 
system to limit the magnitude of fault 
current. All distribution feeders, tie 
feeders, and generators are equipped with 
reactors at the generating station. These 
reactors not only limit the fault current, 
but also reduce the voltage disturbance 
on the system. 

Most of the 60-cycle stations have a 
synchronizing bus to which the load 
busses are connected through reactor ties. 
The generators are connected to the load 
busses through reactors and the inter- 
station tie feeders are usually connected 
to the synchronizing bus. The reactance 
of the reactor ties between the load bus- 
ses and synchronizing bus is kept as low as 
possible, in order to keep the phase dis- 
placement between load busses at a mini- 
mum. This is necessary to limit the cir- 
culating current on the network feeders. 

The 25-cycle generating stations use 
reactor ties between the load busses, but 
no synchronizing bus is used. 


Sectionalization is employed in all gen- 
erating stations to a greater or lesser ex- 
tent, dependent upon the amount of gen- 
eration in the station. Most generating 
stations. are operated with four or more 
load bus sections, which are connected to 
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each other within the station only through 
the synchronizing bus, reactor ties, or 
three winding autotransformers used with 
the generators. In some cases the syn- 
chronizing bus is operated in two or more 
sections during peak load conditions. 

Pretripping of circuit breakers is used 
in a few cases where the circuit breaker 
duty is excessive, and cannot be reduced 
by sectionalization and use of the reactors. 

In regard to future trends, it is ap- 
parent now that as more generation and 
tie feeder capacity are added to the pres- 
ent system, sectionalization and the use 
of reactors will still be required to keep 
the magnitude of fault currents within 
reasonable limits. 

Two 132-kv cable tie feeders, 
having a capacity of approximately 200 
megavolt amperes, will soon be installed 
between two of the larger generating sta- 
tions. Initially, two substations will be 
connected to these ties, but ultimately a 
new generating station, having a capacity 
of 800 megawatts, will also be connected. 
These ties will normally be operated sec- 
tionalized. 

Due to the low impedance of the cable 
and the large concentration of generation, 
the short-circuit currents on this inter- 
connection will be high. In order to keep 
the circuit breaker duty within the limits 
of circuit breakers commercially available 
today, it will be necessary to install 132- 
ky reactors on these ties after installation 
of the new generating station. 


each 


A LARGE METROPOLITAN SYSTEM WHICH 
Uses A LARGE RATIO OF Xo/Xy 


This is a review of the methods used on 
the Chicago system to minimize the pos- 
sibility of faults and reduce the magnitude 
of fault currents. The high-voltage sys- 
tem in Chicago consists primarily of 66-kv 
underground cables between the various 
generating and distributing stations 
within the city. In order to reduce the 
number of lines and transformers in the 
system to a minimum, a close-linked sys- 
tem of connections is used. Because of 
the large concentration of generating 
capacity within the city, this type of sys- 
tem results in relatively high fault cur- 
rents. Four principal methods have been 
used to control this situation. These 
methods are: (1) phase isolation; (2) 
sectionalization; (3) reactors; and (4) 
pretripping. 


Phase Isolation 


The use of phase isolation has been the 
principal method adopted in Chicago to 
combat the problem of excessive fault 
currents All 66-ky. terminals are con- 
structed with the phases physically sepa- 
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rated so that the possibility of phase-to- 
phase faults is practically eliminated. 
All lines between the principal terminals 
consist of single-conductor cables, so that 
again the possibility of phase-to-phase 
faults is extremely remote. While the 
possibility of simultaneous phase-to- 
ground faults on different phases does ex- 
ist, actual experience with the Chicago 
system over a period of approximately 20 
years has shown that there is small prob- 
ability of such faults, none having been 
experienced on this system. 

The magnitude of phase-to-ground 
fault currents is limited by the use of 
neutral resistors, the maximum ground 
fault current being limited to approxi- 
mately 4,000 amperes. 

As a result of the use of phase isola- 
tion and neutral resistors it has been pos- 
sible to operate the system with circuit 
breakers whose ratings are below the cal- 
culated 3-phase short-circuit current, on 
the basis that these circuit breakers rarely 
will be called upon to interrupt a phase- 
to-phase fault. 


System Sectionalization 

As stated before, the principal gen- 
erating and distributing stations in 
Chicago are tied together solidly by 
underground cables. However, in order 
to improve system reliability and at the 
same time reduce the phase-to-phase 
fault currents, the 66-kv system is sepa- 
rated into two parts, arbitrarily known 
as the red and blue systems. Each of the 
terminals on the system has a red bus and 
a blue bus and there are no direct connec- 
tions between these busses, although they 
are tied together through the transfor- 
mers connected to the lower voltage 
busses. 


Reactors 

In a few cases there are 3-conductor 66- 
kv cables supplied from one of the prin- 
cipal terminals to feed a radial load. In 
order to protect the system from possible 
phase-to-phase faults in these cables, 66- 
ky reactors of 3.5 ohms are used. These 
reactors are also used on a 66-kv overhead 
line supplied from a phase isolated ter- 
minal. 


Pretripping 

Recently, in considering the effect of 
additional generating units, the possi- 
bility of using reactors on the 66-kv sys- 
tem to reduce the short-circuit current 
was studied. Although these reactors 
would be effective in reducing fault cur- 
rents and make it possible to postpone 
replacement of circuit breakers, they 
would introduce difficulties in the opera- 
tion of the system and impose restrictions 
on future system changes and methods of 
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connecting additional capacity’ to the 
system. As a result, it appeared more 
desirable to provide for the increase in 
fault current resulting from the new 
units by the use of a pretripping scheme 
which will reduce fault currents by split- 
ting the faulted system. 


12,000-Volt System 

The methods previously described fol 
controlling the occurrence of phase- -to- 
phase faults and limiting their values are 
also applied to all the principal distribut- 
ing centers in the city which operate at 
12,000 volts. All the modern 12-kv 
switchhouses use the principle of phase 
isolation to limit the possibilities of phase- 
to-phase faults. Impedance grounding is 
used to limit the magnitude of ground 
fault currents to approximately 4,000 
amperes. 

System sectionalization also is used in 
the 12-kv switchhouses. In some cases 
the switchhouse is subdivided into the red 
and blue systems which are normally not 
tied together. In other cases, the red and 
blue systems are normally tied, but on the 
occurrence of a heavy fault the system 
sectionalizes automatically and is split 
into separate red and blue systems. 

Reactors are used widely on the 12,000- 
volt system. They are used on each of the 
generators connected to the 12-kv bus and 
each of the transformers between the 66 
and 12-kv busses. In one special case, bus 
reactors are used to separate the red and 
blue busses. In general, the use of bus 
reactors has not been too successful due 
to the difficulties they introduce in ob- 
taining desirable division of power be- 
tween cables on the distribution system. 
All 12-kv cables leaving the terminals to 
supply substations have a reactor at the 
generating station end. These reactors 
protect the phase isolated terminals from 
faults on the 3-conductor 12-kv cables 
and also aid in limiting the magnitude of 
3-phase fault currents in the various sub- 
stations. 

Experience with the type of system de- 
scribed has been very successful from the 
standpoint of reducing the possibility of 
heavy faults at the major terminals on the 
system. 


METROPOLITAN SYSTEMS OF MEDIUM 
SIZE 


Discussions with engineers of the powet 
systems in Minneapolis, Milwaukee, 
Indianapolis, Louisville, and Cincinnati 
concerning the problem of controlling 
faults on their systems, may be sum. 
marized by the following eight concig 
sions: 


1. The designs of these systems are deter. 
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mined by load flow and voltage regulation 
during normal and emergency conditions. 


2. Fault currents and circuit breaker duty 
are secondary considerations. 


3. The policy is to apply circuit breakers 
adequate for the duty and to rebuild present 
circuit breakers where necessary and feas- 
ible. Adequate circuit breakers are com- 
mercially available for all of these systems. 


4. On some systems current limiting reac- 
tors have been used on busses at generator 
voltage to limit the fault current and reduce 
the voltage disturbance resulting from a 
fault. 


5. A few companies operate with a split 
bus arrangement at main generating stations 
and with circuits paralleled at the load sub- 
stations, as economic means to defer replac- 
ing the circuit breakers. 


6. Most new stations avoid high concentra- 
tions at generator voltage by paralleling new 
generators only at transmission voltage. 


7. Two companies report special problems 
of high ground fault currents. One uses 
neutral reactors to control them, but the 
other considers that the neutral reactors are 
not satisfactory. 


8. All companies recognize that as the 
systems grow the fault currents will ap- 
proach the limits that can be handled by 
available circuit breakers, but none of these 
systems have reached this point yet. 


HiGH-TENSION TRANSMISSION SYSTEMS 


As contrasted with the metropolitan 

system, the high-tension transmission 
system uses long lines, and has only a few 
circuit breakers as compared with its 
miles of line. The ratio of investment in 
circuit breakers to investment in lines is 
very much smaller than in a metropolitan 
system. It can generally afford to replace 
inadequate circuit breakers with circuit 
breakers of adequate interrupting capac- 
ity, and usually does. It is inherently a 
high impedance type of system, and, ex- 
sept for the few cases where circuit 
breakers of adequate interrupting capac- 
ity are not available, it is rarely neces- 
sary or advisable for a high-tension trans- 
mission system tg, sacrifice its operating 
lexibility for the sake of reducing its 
fault duty. 
_ To determine the present-day operat- 
ng practice in connection with fault 
‘ontrol on high-voltage transmission 
systems, the committee canvassed 15 
yperators of major transmission systems. 
These systems were selected on the basis 
4 obtaining diversified operating condi- 
ions. 

Of the 13 companies that replied, 11 use 
‘losely-knit system designs. They make 
ittle or no effort to limit their 3-phase 
ault currents, but, as their systems ex- 
yand, they meet the increasing short- 
ircuit currents by replacing inadequate 
‘ireuit breakers with circuit breakers of 
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larger size. Two systems use loosely- 
knit system designs. They limit their 
short-circuit currents by means of sec- 
tionalization, system designs that insert 
transformer and line impedances at 
strategic points, and by use of fault cur- 
rent limiting devices. 

There appears to be a tendency to re- 
arrange loosely-knit transmission systems 
into the closely-knit design. However, 
one company which is doing this plans to 
go back to the loosely-knit type in the 
future if and when fault duties exceed the 
capacities of circuit breakers now being 
installed. 

In a few instances, current limiting 
rea¢tors in the phase wires, and system 
sectionalization are used, to limited ex- 
tents, by closely-knit transmission sys- 
tems, but only as temporary expedients. 

Neutral impedance t6 limit phase-to- 
ground faults to 3-phase faults is used on 
several closely-knit systems. Ground 
fault neutralizers are used on one section 
of one system above 110 kv as a special 
application. Pretripping or delayed 
tripping is not used. 

The replies received in response to a 
questionnaire covering systems 110 kv 
and above are summarized in the follow- 
ing paragraphs. 


American Gas and Electric Service 


Corporation 

Studies by this system of the problems 
of increased short-circuit concentrations 
have resulted generally in solutions call- 
ing for the replacing of inadequate circuit 
breakers with larger circuit breakers even 
to the extent of instigating the develop- 
ment of circuit breakers, in the voltage 
class required, of higher interrupting rat- 
ings than any previously available. Ina 
few instances, bus sectionalizing reactors 
and feeder reactors in service lines have 
been used to keep down short-circuit 
currents. In most of these cases, how- 
ever, the operating restrictions, or lack of 
complete flexibility introduced by such 
reactors, were a distinct disadvantage, 
and the present long-range plans con- 
template the replacement of switchgear 
in most of these cases with sufficiently 
high capacity equipment to permit re- 
moval of such reactors as are now in- 
stalled. 


Bonneville Power Administration 

The rated interrupting capacity of 
many of the existing 115- and 230-kv 
circuit breakers on this system now is or 
will be substantially exceeded. The 
policy has been, where possible, to re- 
build the present circuit breakers for 
higher ratings or to replace them with 
new circuit breakers. 
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Staged tests have been conducted for 
the purpose of developing higher speed 
and higher interrupting capacity circuit 
breakers, particularly in the 230-kv class 
These tests have indicated that some of 
the circuit breakers are generously rated, 
particularly if a vigorous maintenance 
schedule is followed and further tests are 
planned with a view of rerating circuit 
breakers and thereby avoiding some of the 
replacements. 


Buffalo Niagara Electric Corporation 

This system is based on a soft system 
design. The 66-kv 25-cycle system is 
operated in two sections, paralleled only 
at the extreme ends, with part of the gen- 
erating capacity in Buffalo connected to 
each half of the system and part of the 
generation at Niagara Falls similarly con- 
nected to each half of the system. By 
this method, the fault current does not 
much exceed 1,500,000 kva, even though 
the generating capacity is approximately 
800,000 kw. 

The 60-cycle system in the western 
division is similarly arranged. 


Commonwealth Services, Incorporated 

On all systems, circuit breakers are ap- 
plied on the basis of expected future short- 
circuit duty within the limits of good 
economics. After some years of service, 
when circuit breakers become inadequate, 
they may be modernized or replaced by 
circuit breakers of higher rating with the 
lower rated circuit breakers used at other 
locations. 

Two ground fault neutralizers were 
applied on a portion of a 138-kv system 
17 years ago. These were the first in- 
stallations of such devices in the United 
States at a potential of 110 kv or above. 

System sectionalization, in order to re- 
duce fault current, is used in so far as this 
is compatible with system operating re- 
quirements. 

Current limiting reactors are not gen- 
erally used in phase conductors or be- 
tween busses. It is not our practice to use 
impedance in transformer neutrals on 
grounded neutral systems. We have not 
found it practicable to use pre-tripping 
or delayed tripping in order to reduce 
circuit breaker duty. 


The Detroit Edison Company 

The system, in general, 
several subareas in each of which the 
generating capacity approximately equals 
the load. These areas are tied together 
by substantial transmission ties but their 
ties normally carry relatively little trans- 
fer power. The ties may, therefore, be of 
relatively high impedance in the form of 
medium voltage transmission with the. 
intervening step-down transformers, re- 
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actors or regulating transformers. By 
this means, fault currents have been kept 
within values which are allowable on the 
available circuit breakers without resort 
to feeder reactors, neutral impedances, or 
other special provisions. Increasing sys- 
tem power has made it necessary to buy 
new circuit breakers with an interrupting 
capacity of 3,500 megavolt-amperes for 
locations with the highest fault currents. 
The existing circuit breakers of 2,500- 
megavolt ampere rating, or less, can still 
be used, however, for other locations 
where the duty is less. 


Duke Power Company 


In the past, this system has used neu- 
tral reactors, loose interdivisional ties and 
automatic bus splitting schemes for re- 
ducing circuit breaker duties. Today 
they are abandoning bus splitting schemes 
and tightening divisional ties in favor of 
full capacity circuit breakers. 


Georgia Power Company 

On this system circuit breakers of in- 
adequate interrupting capacity are being 
replaced with circuit breakers of larger 
capacity. Some system sectionalizing is 
used as a temporary expedient. 


The Hydro-Electric Power Commission of 
Ontario 


The general practice on their main 
system is to replace circuit breakers hav- 
ing inadequate interrupting capacity. 
In normal times, this would be done with- 
out waiting for the existing circuit break- 
ers to exhibit signs of distress. A con- 
tinuing program of short-circuit studies is 
the method of determining the need for 
replacement to keep pace with system 
expansion. 

The 230-kv transmission system is 
solidly grounded. The 115-kv subtrans- 
mission system is grounded through rela- 
tively high resistance at all generating 
stations and points of supply. However, 
it is planned, with the conversion of this 
system from 25 cycles to 60 cycles, to 
operate all transformers with solidly 
grounded neutrals at all points of supply 

_and at all switching points. System 
sectionalizing is used to some extent, but 
synchronous operation is maintained. 


New England Electric System 


New power developments now con- 
templated by this system will increase 
the fault current from 1,500,000 kva up to 
2,225,000 kva in certain sections. New 
2,500,000-kva circuit breakers are being 
purchased for these locations and the ex- 
isting 1,500,000-kva circuit breakers will 
be moved to locations where the duty is 
within their capabilities. 
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Northern States Power Company 


This company replaces circuit breakers 
of inadequate interrupting capacity with 
larger circuit breakers. Current limiting 
impedances are being considered for use in 
the neutrals of certain 115-kv transform- 
ers to limit the phase-to-ground fault 
current to 3-phase values. 


Southern California Edison Company 


The problem of increased interrupting 
duty of circuit breakers on this company’s 
220-kv transmission system is being met 
through a program of modernization of 
older circuit breakers or their replacement 
with circuit breakers of larger capacity. 
Current limiting impedances, in trans- 
former neutrals, are used at a number of 
locations to hold line-to-neutral fault 
current to approximately the 3-phase 
short-circuit current values. 


Tennessee Valley Authority 


The practice on this system has been 
to install circuit breakers of adequate in- 
terrupting capacity even where circuit 
breakers had to be developed for the pur- 
pose. 

If, when, and where the short-circuit 
duty on the system increased to exceed 
the capacity of the existing oil circuit 
breakers, it has been the practice on this 
system to rebuild existing circuit breakers 
for greater capacity where possible; where 
impossible it has been the practice to re- 
place the circuit breakers with adequate 
circuit breakers and use the existing cir- 
cuit breakers at other locations where the 
capacity is not exceeded. Current limit- 
ing devices are used in transformer neu- 
trals to limit ground fault current to 
values equal to the 3-phase fault cur- 
rent. 


Union Electric Company of Missouri 


In the past, fault currents have been 
limited to a great extent by terminating 
transmission circuits in transformers. In 
the new development under way at the 
present time, several new 138-kv busses 
are being established. Circuit breakers at 
these new substations will have an inter- 
rupting rating of 3,500,000 kva which is 
sufficient to take care of present require- 
ments and a reasonable future expansion 
of the system. 

The existing circuit breakers at loca- 
tions remote from large generating sta- 
tions are adequate for these new require- 
ments, 

As system capacity increases and 
greater duties are imposed, sectionalizing, 
pretripping, or other expedients to limit 


fault currents will be applied as re- 
quired, 
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METROPOLITAN-TRANSMISSION SYSTEMS 


A fifth type of system, of less frequent 
occurrence, is found in some densely 
settled areas. It is neither wholly metro- 
politan nor wholly transmission, but con- 
tains some of the features of each, and 
might be termed a metropolitan-transmis- _ 
sion system. As a rule, it started out — 
years ago as a high-tension transmission 
system but by the addition of paralleling — 
lines and the insertion of generating, _ 
switching, and distributing stations, it has — 
become more closely-knit than the usual 
transmission type. It is not as compact 
as the metropolitan system and it retains _ 
the high voltage necessary for tramsmis- _ 
sion of large blocks of power. However, it _ 
is sufficiently compact to employ fault 
limiting arrangements and devices to — 
some extent without excessive loss of | 
flexibility; but it also needs rather large — 
circuit breakers for future as well as pres- 
ent short-circuit duties. Its fault con- 
trol is a combination of the metropolitan 
and transmission types, but tends to be- 
come more of the metropolitan type as 
more lines and stations are added. 
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Recent Commentaries on Current 
Limiting Reactors and Neutral - 
Grounding Devices 


Current Limiting Reactors 


Tue Errect OF THE MAGNETIC FIELDS 
OF CURRENT LIMITING REACTORS ON 
INSTALLATION PRACTICE a 


A current limiting reactor is made — 
without a ferromagnetic core. Hence — 
there is, in general, no high permeability _ 
medium for confining the magnetic flux — 
toa given path. An exception to this rule — 
is the oil immersed current limiting 
reactor which usually has shields to con- 
fine the flux within its tank. The great 
majority of current limiting reactors, — 
however, are of dry-type construction and 
all too frequently they are installed with-— 
out consideration being given to the — 
effect of their magnetic fields on surround-_ 
ing metallic objects and, conversely, the 
effect of metallic objects on the magnetic | 
field. 


Loops with High Mutual Coupling 


Any metallic loop which encloses flux - 
from the coil becomes a short-circuited — 
secondary, adding to the energy loss of the _ 
coil, exerting some force against the coil 
and increasing the field reluctance. One — 
power company complained that a current _ 
limiting reactor was smoking even though — 
it was not carrying its rated load, In-— 
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vestigation disclosed that the cell designed 
by power company draftsmen was made 
of wide aluminum plates bolted at all 
| corners to make a complete circuit about 
the reactor. In addition to strong eddy 
currents, a current of about 600 amperes 
would have circulated through the wall 
at normal load. Fortunately no short 
circuits occurred before this condition was 
corrected. While the short-circuited cell 
wall would have reduced the effective 
reactance only 5 per cent, the cell could 
have been completely ruined and anyone 
nearby could have been injured severely. 
There have been installations where 
metal cells have had properly insulated 
joints bridged by a ground bus, a control 
lead conduit, or a metal air duct. From 
the standpoint of personnel safety, it is 
advisable that more than one insulating 
joint be used about the reactor since what 
may be only 10 volts at normal current 
can become 200 to 300 volts or more in 
case of a short circuit. 


Loops with Low Mutual Coupling 


Metallic loops in structural members, 

Station piping, and adjacent apparatus 
may not have sufficient mutual coupling 
to cause destruction of parts, but can 
contribute substantially to the over-all 
energy loss. For instance, a reactor cell 
wall may be made of nonmagnetic high 
resistance material and have relatively 
little loss in it—say 10 to 15 per cent of 
total coil loss. However, unless the ad- 
joining switchgear is made of similar ma- 
terial, it may double the total loss and 
have some objectionable hot spots as well. 
Suitably placed shields of low loss mag- 
netic material (laminated silicon steel) or 
of low resistance conducting material 
(aluminum or copper) can reduce this 
excess energy loss and attendant heating 
‘to very low values with no more than 1 
per cent variation in coil reactance. 
_ The idea seems to be quite prevalent 
that it is only magnetic material that 
ds to be kept away from reactors; 
that it is all right to have copper or 
inum near them as long as proper in- 
lation strike is maintained. This is true 
ovided that there is no broad side of 
hese nonmagnetic metals presented to 
e flux. A 2 by 1/2-inch copper bar as 
uch as 10 inches away from a coil no 
ger than 4 feet in diameter can attain a 
0 degrees centigrade rise if the 2-inch 
is perpendicular to the flux. A 
arly located 1/8-inch thick, 10 inches 
, aluminum panel could reach 100 
ees centigrade rise, while such a panel 
rdinary steel would have less than 70 
s rise provided that it does not 
a closed magnetic circuit. 
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THe Errect oF CuRRENT LIMITING 
REACTORS ON TRANSIENT 
OVERVOLTAGES 


When concentrated inductance in the 
form of a current limiting reactor is placed 
in series with a circuit, it introduces a re- 
flection point for steep front voltages. 
This can cause an incoming surge to 
double in magnitude on the line side of the 
reactor. On the bus side the surge voltage 
will oscillate with station capacitance to 
ground and may reach nearly four times 
the magnitude of the incoming surge. 
Current limiting reactors also may gen- 
erate overvoltages at various points in 
the system because of the forcing of cur- 
rent zero by circuit breaker openings or 
fuse clearings. 

Various combinations of surge by-pass 
devices, depending on the application, are 
used as protection against damage from 
these overvoltages. Lightning arresters 
are commonly employed and are con- 
nected either from line or bus terminal to 
ground or from both line and bus ter- 
minal to ground. In addition, resistor 
shunts are often used across reactors. 
These are usually nonlinear resistors! 
or lightning arresters, 


REDUCED INSULATION FOR CURRENT 


LIMITING REACTORS 


Substantial savings can be realized by 
specifying reduced internal insulation 
levels for oil-immersed current limiting 
reactors. Such reactors are insulated for 
full voltage from terminals to ground, but 
their interna] or terminal-to-terminal in- 
sulation is reduced to co-ordinate with the 
maximum voltage allowed by a lightning 
arrester or nonlinear resistor connected 
in shunt across the winding. 

The shunt for such application is 
chosen on the basis of the maximum 
dynamic voltage that can appear across 
the reactor under short-circuit conditions. 
This voltage will not exceed line-to- 
neutral voltage, and in practice most 
systems have ¢nough reactance in them 
to limit the voltage to considerably lower 
values than this. 

A reactor of this type is tested with the 
shunt disconnected. The test values cor- 
respond to those of the next higher in- 
sulation class above the rating of the 
lightning arrester shunt or equivalent re- 
sistor. A factor of safety in the reactor 
insulation is thereby demonstrated, 


Duplex Reactors, Also Known as 
Spilt-Type, Differential, or 
Double-Flow Reactors 


These current limiting devices are air 
core coils provided with a center tap. In 
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operation, power normally flows into the 
tap and out each end of the coil into the 
separate circuits. Because the normal 
currents in the two halves oppose one 
another, the mutual reactance (which is 
of the order of 30 or 40 per cent of the self- 
reactance) subtracts from the self-react- 
ance making the net reactance small if the 
currents in each feeder are of equal mag- 
nitude. However, when one circuit 
faults, the reactor currents become un- 
balanced, and an increased net reactance 
results. In effect, this type of reactor 
produces a substantially higher reactance 
under fault conditions than under normal 
conditions. Before applying such reac- 
tors, the characteristics of the particular 
system must be studied to determine 
whether the duplex reactor would offer 
advantages over two conventional reac- 
tors. For feeder application, the advan- 
tages of lower regulation and better divi- 
sion of load between parallel feeders must 
be weighed against these disadvantages: 


1. For any given application, one duplex 
reactor usually costs more than two conven- 
tional reactors. 

2. With certain circuit conditions found in 
practice, the voltage of the unfaulted feeder 
may rise to as high as 125 per cent of normal. 
3. If circuit breakers are required between 
the reactor of each feeder and its bus, it may 
be necessary to make the duplex reactor 
liquid filled. This comes about from the 
fact that the two halves must be fully 
insulated from each other while maintaining, 
at the same time, a high mutual reactance 
between them, 


Duplex reactors are often used ad- 
vantageously for bus sectionalization. 
Many applications of this type result in 
lower regulation for a given short-circuit 
current than can be realized with conven- 
tional reactors. 

In the past decade the advantages of 
duplex reactors have become more widely 
recognized and their use is increasing. 
The following are some of the utilities and 
industrials who are using duplex reactors 
in their system: 


Public Service Electric and Gas Company 

Public Service Company of Colorado 

Consolidated Gas Electric Light and Power 
Company 

Commonwealth Edison Company 

Kansas City Power and Light Company 

Hammerville Paper Company 

Magnolia Petroleum Company 

West Virginia Pulp and Paper Company 

Republic Steel Company 

Atlantic Refining Company 


The Use of Neutral Grounding 
Impedance to Limit Currents 


The determination of the proper im- 
pedance for grounding a system neutral 
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js not a matter of rule of thumb. The tm- 
pedance should be selected after due con- 
sideration has been given to various tech- 
nical and economic factors applying to the 
particular system. The following dis- 
cussion reviews briefly the salient points 
determining the design and application of 
such impedance devices. 

The trend in American power trans- 
mission practice 46 kv and above is to- 
wards operation with neutral solidly 
grounded or grounded through an im- 
pedance. This is done to reduce the high- 
voltage transients and to cause the flow 
of sufficient fault current to operate relays 
controlling the segregation of the faulty 
circuit. The trend in generator practice 
is towards reactance grounded or distri- 
bution transformer (secondary resistor) 
grounded neutrals. 


ADVANTAGES OF NEUTRAL IMPEDANCES 


The amount of zero sequence fault cur- 
rent which flows in any particular 
grounded neutral system is usually con- 
trolled by inserting impedance between 
the system neutral and ground. Placing 
the impedance in the neutral rather than 
in the line has several advantages: 


1. It should be noted that for single phase- 
to-ground faults a single impedance in the 
neutral is the equivalent of three imped- 
ances, each of the neutral impedance ohmic 
value, one in series with each phase wire. 

2. Savings can be realized by taking ad- 
vantage of the fact that one end of the neu- 
tral is solidly grounded. This simplifies the 
insulation problem. 


3. Because currents, when they do flow 
through a grounding device, are for short 
times only, the device does not have to be 


designed to dissipate continuous losses and 


Figure 1. Major factors affecting choice of 


neutral ground impedance 


TYPE OF 
GROUNDING 


MAGNITUDE OF 
GROUND CURRENT 
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can thus be built much more compactly an 
with less material and cost than a series 
device having the same ohmic value. 

4. Since a grounding device carries 0 
appreciable current except during ground 
faults, it has no effect on system regulation ; 
in contrast to the series impedance device 
which has a continuous voltage drop. 


5. On cable systems, the minimum series 
impedance necessary to protect cable sheaths 
from damage during faults would give rise 
to prohibitive system regulation. The 
neutral impedance on the other hand will 
protect very satisfactorily without disturb- 
ing the regulation. 


6. The neutral impedance may be made to 
include a trap or traps which will suppress 
the flow of one or more harmonic compo- 
nents while at the same time limiting the flow 
of 60-cycle fault current to the desired value. 


TIME RATINGS FOR NEUTRAL GROUNDING 
DEVICES 


AIEE Standard Number 32 for Neutral 
Grounding Devices* recognizes these 
operating conditions and has set up three 
short-time ratings and an extended time 
rating to meet them. 

A 10-second rating is given to ground- 
ing devices whose function is the protec- 
tion of a given piece of equipment only. 
For example, an impedance in the neutral 
of a generator may be installed for the 
sole purpose of controlling ground cur- 
rents through the windings of the gen- 
erator. 

One-minute rating. Where the ground- 
ing device is to control the flow of ground 
current in outgoing feeders, it is possible 
for it to have to handle several faults on 
different feeders in rapid succession. For 
such applications, a grounding device 
with a l-minute rating is usually ap- 
plied. 

A 10-minute rating has been set up to 
take care of the condition wherein the 
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hand to perform manually the necessar 
switching to remove the fault. 

The extended time rating is given to 
grounding devices which operate in 
tems where faults are allowed to persist 
for longer than ten minutes. The con- 
tinuous temperature rise of such ap 
paratus is permitted to be greater th 
standard on the assumption that opera- 
tion will be held to less than an average of 
90 days per year. i 

This rating replaces the old continuous 
rating for apparatus (such as resonant 
neutral grounding devices) used on sys 
tems not provided with ground relays fo 
fault segregation. In such cases the ex- 
tended time rating permits the operator 
to allow a phase-to-ground fault to per- 
sist on the system until the faulted circuit 
can be conveniently removed from sery- 
ice. 


Facrors DETERMINING THE CHOICE OF 
REACTANCE OR RESISTOR FOR NEUTRAL 
GROUNDING 


The impedance used to limit ground 
fault current is normally a reactance, a | 
resistance or more infrequently, a com- 
bination of reactance and resistance. In 
choosing between reactance or resistance 
the following points should be kept in — 
mind: 


1. In general a reactor is less expensive — 
than an equivalent resistor. The difference _ 
in cost is more pronounced the higher the — 
voltage or the current rating. ; 


2. A neutral reactor takes up less spa 
than an equivalent neutral resistor. 


3. If the ground fault current is to b 

limited to less than 25 per cent of the syste 
3-phase fault current a resistor should be — 
used. Otherwise dangerously high transient 
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voltages can occur on the system in conjunc- 
tion with faults or switching operations. 


In practice, the majority of the higher 
voltage systems in this country solidly 
ground the neutral or ground through a 
teactor. Lower voltage systems par- 
ticularly in the industrial field use re- 
sistors quite extensively. 


Factors INFLUENCING THE VALUE OF 
GrounD CuRRENT TO BE ALLOWED 
In choosing the optimum yalue of 
ground fault current for the system the 
following factors should be considered: 


1. For most applications a minimum cur- 
rent of the order of 50 per cent of normal 
load current is required to operate zero se- 
quence relays successfully. 


2. If the ground fault current is limited to 
less than 60 per cent of the 3-phase fault 
current, the system neutral will be displaced, 
during a fault, to such an extent that ar- 
resters suitable for a nongrounded neutral 
system will have to be used. This will in- 
crease the protective level above that 
which could be obtained by using lightning 
arresters rated for grounded neutral opera- 
tion. 


8. The higher the ground fault current the 
greater: a. the danger of the fault spreading 
to include other phases, b. the danger of 
damage to equipment, c. the duty on circuit 
breakers, d. the disturbance to system 
stability, e. the undesirable effects of induc- 
_ tive coupling with adjacent circuits. 

The ohmic value of the grounding im- 
pedance should be set only after a careful 
analysis of the system network has been 
made. Figure 1 summarizes in a general 
way the effect that magnitude of ground 
fault current has on the type of ground- 
ing, ground relaying, and lightning ar- 
tester protection. 


NEUTRAL VOLTAGES 


When an impedance is inserted be- 
tween the system neutral and ground, the 
potential of the neutral will rise above 
ground whenever ground fault current 
tf flows and wheneyer voltage surges come 
into the transformer or generator from the 


line’ The transformer or generator 
neutral and the neutral end of the im- 
pedance device must be insulated to with- 
stand these voltages. 

The magnitude of the 60-cycle voltage 
which will appear at the neutral under 
fault conditions is usually less than the 
line-to-neutral voltage. It depends on the 
vectorial relationship between the ground- 
ing device impedance and the total zero 
sequence impedance of the system. 

The maximum crest transient voltage 
which can appear at the neutral is theo- 
retically twice the transient crest voltage 
at the line. In practice the ohmic value 
of a neutral grounding resistor is usually 
small enough to hold the neutral transient 
voltages to reasonably low values. On 
the other hand, the use of a neutral re- 
actor, unless it is of exceptionally low in- 
ductance, will allow high transient crest 
voltages to appear at the neutral. It is 
usually good practice with reactance 
grounding to shunt the reactor with a re- 
sistor (of the negative resistance type) or 
a lightning arrester. The maximum 
transient voltage is then predictable and 
the neutral can be insulated accordingly. 


GRounpD FAULT NEUTRALIZER 


If the reactance of a neutral reactor is 
increased until it just equals the system 
capacitance to ground, the system zero 
sequence network is in parallel resonance 
for ground faults. Under these conditions 
a fault current flows through the neutral 
reactor to ground. A current of approxi- 
mately equal magnitude and about 180 
degrees out-of-phase with the reactor 
current flows through the system capaci- 
tance to ground. These two currents 
neutralize each other, except for a small 
resistance component, as they flow 
through the fault. 

The majority of these single phase-to- 
ground faults are self clearing within a 


* The extended time rating has been defined and 
discussed previously under the section entitled 
Time Ratings for Neutral Grounding Devices. 


few cycles. This is caused by three con- 
ditions: the low current passing through 
the fault; the fact that the current is 
nearly in phase with the voltage; and the 
very slow recovery rate of the voltage 
following are extinction. The latter of 
these three conditions is of considerable 
importance and may not always be fully 
appreciated. 

To take care of occasional persisting 
faults, American practice has developed 
along two directions. If this type of 
grounding reactor (ground fault neu- 
tralizer) has an extended time rating,* the 
need for extensive ground relays is elimi- 
nated because the fault can be allowed 
to persist on the system until the trouble 
can be located and corrected. On some 
circuits, such“as underground primary 
feeders, a faulted circuit can be kept in 
service during heavy or important loads 
and the outage for repairs deferred until a 
period of minimum load or of less im- 
portant load, occurs. The effect of such a 
persisting fault on communication cir- 
cuits, and the possibility of it spreading 
to another phase should, of course, be kept 
in mind. 

An alternative practice is to install a 
10-minute rated ground fault neutralizer 
with a by-pass switch for solidly ground- 
ing the neutral. A persisting fault is then 
cleared by closing the switch and allowing 
the ground fault relays to operate. 

Ground fault neutralizers are increasing 
in popularity as their advantages to sys- 
tem operation become more widely 
known. They offer greatly improved 
service for a relatively small investment, 
particularly when applied to existing 
isolated neutral systems. 
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69-Kv Medium-Pressure Gas-Filled 
Cable, Washington, D. G 


H. W. CLARK 


FELLOW AMEE 


Synopsis: The cable taken as the subject of 
this paper is the first medium-pressure gas- 
filled cable constructed for operation above 
46 ky. It is believed to be the largest in- 
stallation of this type of cable up to this 
time and its design includes several unique 
features. This discussion covers factors 
affecting its selection, details of the cable 
and accessories, special features of the con- 
duit line, and salient facts in connection with 
its installation and operation. 


HE decision of the Potomac Electric 
Power Company to locate its, new 
Potomac River Generating Station on the 
west bank of the Potomac River within 
the northern limits of the city of Alexan- 
dria, Va., immediately brought up the 
problem of power transmission. This 
decision locating the plant approximately 
four miles outside the company’s terri- 
tory was predicated on the availability of 
water for condensing purposes, railroads 
for fuel supply, and the fact that on both 
sides of the river the intervening  terri- 
tory was occupied by property of the 
National Capital Parks or airfields. The 
ultimate capacity of the plant is 470,585 
kva made up of five 80,000-kw 85 per cent 
power factor generators, each to be placed 
on the line at approximately |-year in- 
‘tervals. Except for 90,000 kva which will 
be transmitted through submarine cables 
across the river, all this power has to be 
delivered by circuits on the west bank of 
the river, Because of airfields, park terri- 
tory, populous area, and the fact that 
available routes are pre-empted by other 
utilities, overhead transmission was im- 
practical and the problem became one of 
underground cable. Figure 1 shows the 
relation of the plant to the company’s 
territory and the route of the conduit line 
to the Pentagon area. From economical 
considerations, sufficient cable capacity is 


418 


to be installed as each generator is made 
available. 

The submarine cables across the river 
will be of the low-pressure oil-filled type. 
Considering the length of the river cross- 
ing and the desirability of avoiding 
underwater joints, the weight of sub- 
marine medium-pressure gas-filled cable 
of the required capacity renders it im- 
practical for this installation. 


Selection of Type of Cable 


In order to determine the type of cable 
to be employed, the initial requirement of 
90,000 kva at 75 per cent load factor and 
25 degrees centigrade earth ambient to be 
delivered to Substation 55, adjacent to the 
Pentagon Building, where it would serve 
the load at that point and tie into two 
existing 69-kv oil-filled cable circuits from 
the Buzzard Point Plant, a route length of 
21,000 feet, was set up as basis for study. 
Transmission at both 115 kv and 69 kv 
was considered. 

Comparison was made at 115 kv be- 
tween a single-conductor 400,000-circular- 
mil oil-filled circuit and a pipe-type cable 
composed of 400,000-cireular-mil compact 
round conductors utilizing oil as the pres- 
sure medium, The limited width of the 
available right of way immediately 
rendered the single-conductor cable im- 
practical because of the lack of space to 
provide for the ultimate number of duct 
piles. For the initial installation, the 
pipe-type cable with its cost of $7.25 
per kilovolt ampere was the most econom- 
ical of all types of cable considered at 
either voltage. However, it was obvious 
that this saving would disappear as future 
circuits were added requiring additional 
excavation and pipe. Also, the right-of- 
way restrictions would prevent installa- 
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tion of the ultimate number of pipes pro 
erly separated for heat dissipation. Ft 
thermore, the problem was not one 
cable alone as transmission at 115 ky i 
volved additional cost because of syst 
considerations such as increased in 
rupting capacity and transformation | 
tie into the existing 69-kv system. 

Detailed studies at 69 kv were red 
to the following types of 3-condu 
cables, the over-all cost of material ren 
ering unattractive both pipe-type 
single-conductor duct cable. All 
volt ampere costs are based on the ir 
stallation of two cables, each having 
capacity of 45,000 kva installed in a cor 
duit structure providing for 180,000 kv 
Also, the indicated costs, which inclu 
the entire duct structure, prevailed in 
spring of 1947, at which time the stu 
was made, and must be considered as r 
ative only. , 

1. Low-pressure oil-filled cable, 500 
000-circular-mil compact round, 315 
insulation: cost per kilovolt am 
$9.57. 

This type of cable requires a co 
plicated oil supply system involving res 
ervoirs, relays, and stop joints. 
stallation requires a heavy labor ou 
and operating costs are very high. 
sheath is subject to corrosion, and da 
from tests made on cables by the Philade 
phia Electric Company indicates that 1 
ultimate failure as the result of ca 
movement would occur in approxima’ 
one-third to one-fifth the time than wo 
failure of the inner sheath of medium-— 
pressure gas-filled cable. ; 

2. Medium-pressure gas-filled cable, 
600,000-circular-mil compact round, 400-— 
iil insulation with double-reinforced lead 
sheath: cost per kilovolt ampere, $10.00. 

This cable requires a relatively simple 
system for the maintenance of gas pres- 
sure, is self-supervising, and has low 
operating costs. Because of the con- | 
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_ striction of the reinforcing, the inner 


sheath would have a life expectancy of 
three times that of oil-filled cable. How- 
ever, the outer lead sheath would be sub- 
ject to ultimate failure caused by corro- 


| sion, galvanic effects, and cable movement 


in the same manner as that of oil-filled 


| cable, thus permitting the products of 
_ corrosion to affect the reinforcing tapes 


and inner sheath. 

3. Medium-pressure gas-filled cable, 
600,000-circular-mil compact round 400- 
mil insulation, inner sheath of lead, outer 
sheath of neoprene: cost per kilovolt am- 
pere, $9.88. 

In the tests cited above, neoprene 
sheaths developed no fatigue, with the 
result that the greater life expectancy of 
the inner sheath should be realized. Fur- 
thermore the cable can be trained on 
radii based on the diameter of the inner 
sheath, resulting in a saving in manhole 
widths. As it developed during the con- 
struction of the conduit line, protection 
against corrosion was of the utmost im- 
portance. In the event that moisture 
does pass through the outer jacket, it 
would be filtered and indications are that 
it would become a gas and therefore 
harmless. This cable also would have 
less weight, resulting in lower pulling 
stresses. 

4. Medium-pressure gas-filled cable, 
600,000-circular-mil compact sector, 400- 
mil insulation, inner sheath of lead, outer 
sheath of neoprene: cost per kilovolt am- 
pere, $9.73. 

This cable would have all the advan- 
tages of cable 3 and in addition would be 
of smaller diameter and less weight. The 
calculated maximum stress at the corners 
of the sector conductors is 191 volts per 
mil, which lies within allowable limits for 
medium-pressure gas-filled cable. While 
the cost of this cable exceeds that of oil- 
filled cable, it was adopted for this instal- 
lation because of its greater life expect- 
ancy and its greatly reduced operating 
and maintenance costs. 


Cable and Accessories 


Medium-pressure gas-filled cable oper- 
ates on the same basic principle as low- 
pressure gas-filled cable, that is, when the 
pressure in a gas is increased, the elec- 


_ trical stress required to initiate ionization 


also is increased. In medium-pressure 
gas-filled cable the nominal gas pressure is 


increased from 15 to 45 pounds per square 
inch, which allows the permissible average 
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operating stress in the insulation to be 
raised from 66 to 100 volts per mil. 

Figure 2 shows a cross section of the 
cable selected. Each of the three com- 
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Route of cable from Potomac River 


Figure 1. 
Generating Station to Pentagon Area 


pact sector conductors is insulated with a 
400-mil wall of paper, enclosed by one 3- 
mil perforated copper shielding tape inter- 
calated with paper tape. Over the con- 
ductors as part of the insulation are in- 
cluded aluminum-backed tapes for the 
purpose of strand shielding. The im- 
pregnating oil has a Saybolt viscosity of 
approximately 100 at 100 degrees centi- 
grade. In each of the filler spaces is a gas 
channel, two of these channels being open 
helical, steel or bronze, of 0.410-inch out- 
side diameter, made up of 0.25-inch wide 
by 0.0271-inch thick metal, the third 
channel being a solid copper tube of 
0.350-inch outside and 0.290-inch inside 
diameter. The three conductors and gas 
channels are enclosed by one bronze 
binder tape intercalated with paper tape. 
The dimensions of the spiral gas channels 
were selected as the nearest standard size 
that would stipport the binder tape and 
sheath midway between the conductors. 
Also, to provide further support for the 
sheath, the spaces between the channels, 
binder tape, and conductors are solidly 
packed with paper fillers. The cable core 
is enclosed in a copper-bearing lead 
sheath, 0.125-inch thick, reinforced by 
two 5-mil bronze tapes. As a second line 
of defense against the possibility of gal- 
vanic couples between the lead sheath and 
the reinforcing tapes, the Okonite Com- 
pany on the initial order placed over the 
lead sheath a double-wrapped layer of 
asbestos-neoprene tape covered with an 
overlapped layer of neoprene-filled tape. 
This later was adopted as a requirement 
for all fabricators. 
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The final element of the cable was the 
outer neoprene jacket, a substitution for 
the outer lead sheath normally specified 
for medium-pressure gas-filled cable. Two 
of the manufacturers, the General Elec- 
tric Company and the Habirshaw Com- 
pany, furnished a fabric-reinforced jacket 
made up as follows: One 0.0015-inch 
aluminum-backed acetate tape applied 
with approximately 10 per cent lap, three 
0.030-inch neoprene hose jacket tapes 
with fabric face inside, applied close butt- 
wrapped, with joints staggered, one 
0.030-inch hose jacket applied fabric out- 
side with butt joints staggered, one 0.015- 
inch neoprene skin-coated tape, fabric 
side out with 10 per cent lap, all thor- 
oughly vulcanized and bonded together 
with a coatingof wax. 

The jacket furnished by the Okonite 
Company is composed first of a fabric 
friction tape; over this is a solid wall of 
nonflammable neoprene without fibrous 
material; then a double wrap of fungi- 
cide-treated frictional fabric as a final 
protection. This entire covering is 
thoroughly vulcanized together to pro- 
vide the best mechanical properties and is 
slushed with a wax and mica finish to ease 
pulling. 

The above construction results in a 
cable with a calculated diameter of 3.86 
inches and an estimated weight of 18.6 
pounds per foot. Each length of cable is 
equipped with a gas-filled pulling eye and 
means of attaching gas cylinders at each 
end, the fitting on the trailing end being 
a Waterbury 1/2-inch number 108 nip- 
ple assembly complete with chain. 

Figute 3 shows the principal features of 
the cable joint. Except for the added in- 
sulation the main body of the joint is of 
the same type as used for 3-conductor low- 
pressure gas-filled cable using a spun cop- 
per casing. The insulating medium is 
crepe paper tape. There is no external 
gas tubing, which is made unnecessary by 
a special fitting, to the center of which 
is brought the solid copper tube from the 
adjacent joint. Around this center ori- 
fice are smaller ports leading into the 
joint. Under normal operation a plug cap 
permits gas to pass from the tube to the 
joint. Replacement of this cap with a 
fitting which seals the ports into the 
joint permits the reading of the differen- 
tial pressure at the next joint. An addi- 
tional fitting facilitates the pressure 
reading in the joint itself. The sole re- 
maining fitting is the plug on the bottom 
of the joint to permit the removal of ex- 
cess compound. 

The sealing of the neoprene cable 


jacket at the ends of the joint was a 


special problem. This is accomplished by 
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cutting back the jacket, fastening down 
the ends of the reinforcing tapes with 
piano wire, which then is covered by the 
lead wipe to the joint casing. A protec- 
tive covering built up of rubber tape over 
which is vinylite tape and friction tape is 
the final seal from beyond the end of the 
neoprene jacket to the end cap of the 
joint casing. 

The 3-conductor cable is terminated in 
a phasing spreader head round in shape 
and_made up of spun copper to give 
strength and to avoid the porosity pos- 
sible in cast types. The shielded con- 
ductors are carried through deoxidized 
copper pipe to the single-conductor ter- 
minals, which are rated 115 kv and are of 
the Herkolite barrier-type with gasket 
seals between the porcelain and metal of 
base and cap. 

Nitrogen gas is supplied to the spreader 
heads at both terminations of each cable 
from a 200-cubic-foot gas tank through a 
manually operated pressure regulator and 
valve manifold. This equipment is in- 
stalled in an adjacent metal cabinet. 
The relay actuating an alarm circuit in 
the event of either high pressure or low 
pressure is installed in the first manhole 
from the terminal and has a gas connec- 
tion to the cable joint. This is done to 
prevent false alarms as the result of 
changes in outside ambient temperature. 


The Conduit Line 


Basically the conduit construction to 
the Pentagon area consists of two 4-way 
lines, each composed of 5-inch thin-wall 
Transite duct enveloped in concrete, one 
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Figure 2 (above). 


Figure 4 (right). Typical installation of cables 
and joints in manhole 


Cross section of cable 
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of which also includes a 3-inch auxiliary 
duct. The lines are spaced 6 feet 91/2 
inches on centers with manholes so placed 
as to segregate two cables to each, neither 
of which would supply the same terminal 
station. The manholes are 4 feet wide 
by 15 feet long with 12-inch alcoves at the 
duct entrances. The two ducts enter and 
leave adjacent to one side wall, permitting 
the cables to be spliced on the opposite 
wall. Where space permits the man- 
holes for each 4-way line have a common 
wall and the ducts are brought straight 
in. Where the width is restricted, single 
manholes were built in the space between 
the conduit lines. This required that 
either the top or the bottom two ducts be 
rolled into each alternate manhole, allow- 
ing the other two to pass by. This is ac- 
complished by the use of 5-foot long 50- 
foot radius duct bends and short straight 
pieces. Because of lack of experience in 
pulling heavy neoprene-jacketed cables, 
it was felt that 600 feet between man- 
holes was conservative. However, turns 
and cable segregation resulted in shorter 
runs and physical conditions required 
several longer stretches. The minimum 
radius of curves in the conduit line, either 
vertical or horizontal, was limited to 100 
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feet and the minimum cover is 36 inches. 
In crossing railroad property two em- 
bankments, one carrying heavy freight — 
and the other high-speed passenger — 
traffic, were encountered. At neither of 3 
these locations was an open cut per- — 
missible, nor was ordinary tunneling 
practicable. This problem was solved by | 
pushing 5-foot sections of 42-inch inside 
diameter reinforced-concrete pipe, one for 
each 4-way line, below the base of the 
embankments, the distances being 120 
and 30 feet. The four ducts were laid 
flat in each pipe and concreted in. 
During the course of excavation for 
conduit construction, it became evident 
that soil conditions in some locations were | 
unstable. As a result of extensive test — 
borings, it was found that in a stretch of _ 
approximately 8,900 feet from the east 
side of the boulevard to opposite the air- 
port, there was only a shallow crust of 
firm earth below which nothing was — 
stable, evidently an ancient drainage 
basin area. A conduit line supported on 
piles was impractical both because of the : 
depth of the instability and because the 
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pressure is upward as well as downward, 
as evidenced by ridges raised by past 
filling along the highway. Further future 
filling is proposed. An articulated con- 
duit line was considered, consisting of a 
reinforced slab under the conduit with 
cross members as floats at the joints, at 
which point the ducts would telescope, 
but this ‘was deemed uneconomical. 
Finally, it was decided to install sub- 
marine cable in lengths of approximately 
1,100 feet anchored in manholes that 
would be permitted to float. Only four 
cables were installed, the remainder to be 
laid when required. An abandoned tun- 
nel permitted the submarine cables to 
pass under the boulevard without excava- 
tion. 


Installation and Operation 


To insure against gas leaks, the cable on 
each reel as received is tested at a nitrogen 
gas pressure of 60 pounds per square 
inch over a 24-hour period with the re- 
quirement that there be no drop in pres- 
sure after making proper allowances for 
change in temperature. The fabricators 
are required to make similar tests at 


Discussion 


L. G. Brazier (British Insulated Callender’s 
Cables, Limited, 38 Wood Lane, Shepherd’s 
Bush, London, England): ‘‘Dealing first 
with the design features of the medium gas- 
pressure cable which is being used, it seems 
to us that at a pressure of only 45 pounds 
per square inch the maximum stress of 191 
yolts per mil is rather high, particularly 
when it is realized that after the cable has 
been in service for some time it will not be 
as fully impregnated as it is in its new state. 
The cable make-up shown in Figure 2 of the 
paper is such that compound migration is 
likely to take place quite readily, for exam- 
ple, along the steel spiral tubes, so that some 
parts of the cable,may become deficient of 
compound in the course of time. 

Lam not able to comment on the joint de- 
‘sign being used, as insufficient design data 
are given in the paper, but it does seem to 
me that certain hazards might well have 
been introduced by the difficulty of building 
up sound compact insulation over the sector- 

‘shaped conductors. Any weakness here 
vould tend to make the design stresses too 
igh. Our own experience shows that unless 
id-applied and virgin dielectric are in 
contact with each other a definite 
urce of weakness exists. 

What I find to be the most surprising fea- 

ure of the paper is the cost of the installa- 

mn. If we were doing this job in England, 
would not use a medium-pressure cable, 
one operated at 200 pounds per square 
gauge, according to standard British 
ice. The cable would have the same 
conductor as that described in the paper 
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their plants before the cable is shipped. 

No particular difficulty was encoun- 
tered in pulling the cable into ducts. For 
lengths approximating 600 feet, the pull- 
ing tension varied from 3,700 to 4,700 
pounds, resulting in coefficients of friction 
from 0.365 to 0.474. The pulling stress 
on the longest length of 809 feet was 
5,600 pounds. These are well within the 
limit of 12,000 pounds at which pulling 
tension no stretching of the conductors or 
damage to the pulling eye is to be ex- 
pected. Submarine cable was pulled in on 
rollers with the armor taking the strain. 

Normally the cable joints are placed 30 
and 48 inches above the manhole floor for 
convenience in splicing operations. The 
joint is supported at each end on por- 
celain insulators, the rubber tape seal of 
the neoprene jacket being flattened at 
the ends to reduce the span. The cable 
from the duct mouth is supported from 
the ceiling at its point of flexure. The 
minimum allowable bending radius for 
the cable is 39 inches, approximately 11.2 
times the diameter of the lead sheath. 
This results in an offset of 30 inches. 
Figure 4 shows the training of the cable 
through manholes 


and would operate at a maximum conductor 
stress of 285 volts per mil. This stress is 
about 25 per cent greater than that which 
Mr. Clark used, but the factor of safety is 
higher because of the increased gas pressure. 
The cable would be 8-core with circular con- 
ductors, and the sheath would be provided 
with a steel reinforcement to withstand the 
internal gas pressure. This is all absolutely 
standard practice in Great Britain, and very 
many miles of such cable have been operat- 
ing satisfactorily for a long time. 

Figure 1 of this discussion shows the 
make-up of the cable which we would use. 
It is of interest to note that we are now pro- 
ducing our impregnated pressure cables 
with aluminum sheaths. These have the 
advantage that they are strong enough to 
withstand the internal gas pressure with a 
very comfortable safety margin, therefore 
no reinforcement is required. Further, they 
come out considerably cheaper than rein- 
forced lead sheath cables. So far we are 
using them only at 33 kv, but the only thing 
which prevents us from using them at all 
voltages is the difficulty of obtaining large- 
diameter aluminum tubes of sufficient 
length. 

There is just one final comment which I 
would like to make on this paper. This con- 
cerns the author’s reference to “average 
stress” in the first paragraph of the section 
“Cables and Accessories.” It is our experi- 
ence that there is no direct connection be- 
tween the performance of the cable and the 
average stress in its dielectric. All our test 
results show that the maximum stress is the 
important factor. For example, it is our 
opinion that the safety factor in a 220-kv 
cable working at an average stress of .140 
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The installation of cable in a gallery 
under the sidewalk of the Key Bridge 
connecting Virginia to the District of 
Columbia north of the Pentagon area is of 
an unusual character. This bridge is of 
cellular concrete construction and is free 
from vibration. The installation of 
joints on the bridge was undesirable both 
on account of space limitations and danger 
of tampering. Each of the three cables is 
installed in a transite tray, 12 inches wide 
and 2%/, inches in depth. Manholes were 
constructed as close as practicable to the 
bridge abutments. The cable was pulled 
in over rollers spaced at 5-foot intervals, 
and the maximum pulling tension for the 
1,840-foot lengths was 6,600 pounds. 

Four circuits, two of which have been 
energized for more than a year, are now 
in operation, the gas pressure ranging 
from 43 to 46 pounds per square inch. 
These cables, two of which are in each 
conduit line, have given no evidence of 
trouble or excessive movement. They 
have carried loads of 48,000 kva, which 
load will be reduced as future circuits are 
added. Observed temperatures are not 
excessive, the maximum empty duct 
temperature being 37 degrees centigrade. 


volts per mil is about the same as that in a 
66-kv cable working at an average stress of 
200 volts per mil. Therefore, all of our de- 
signs for supertension cables are based on 
considerations of maximum stress. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): We think that re- 
quiring 500,000 circular mils for oil-filled 
cable and 600,000 circular mils for medium- 
pressure gas-filled cable is justifiable only in 
so far as we have had no field experiences 
with the latter. Our experience in Detroit 
indicates that high-pressure gas-filled cable 
may be operated at the same temperatures 
as oil-filled cable. 

Commenting now on Mr. Brazier’s dis- 
cussion, in Detroit we use sector-shaped con- 
nectors on solid-type lower-voltage sector 
conductors, exclusively. We have had no 
difficulties with this construction; as a mat- 
ter of fact, we think it is better to continue 
the sector shape rather than crushing the 
strands to a round shape in the connector. 

It is interesting to note Mr. Brazier’s 
statement that high-pressure cable having 
aluminum sheath would be considerably 
cheaper than reinforced lead sheath cables. 
The difference noted by Mr. Brazier between 
cable costs in the United States and in Great 
Britain may be questionable when based on 
rate of exchange only. 


William A. Del Mar (Phelps Dodge Copper 
Products Company, Yonkers, N. Y.): There 
is one feature in the design of Mr. Clark’s 
cables which is not mentioned in the paper. 
The cables furnished by Phelps Dodge have 
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four paper tapes between the bronze binder 
tape and the lead sheath. In the absence of 
these, there is danger that when the cable is 
bent, the lead on the outside of the bend will 
be pressed against and will slide on the 
bronze tape which is pressed outward rigidly 
by the hard underlying tubes. This may 
result in cutting of the lead sheath by the 
edges of bronze tape. 

This construction is particularly desirable 
on wire-armored cable, as the armor puts 
additional pressure on the lead sheath at 
bends. 

I would prefer to omit the bronze tape 
entirely, as its serves no useful purpose, but, 
as shown by H. Halperin and C. EF. Betzer,! 
it gives a shorter life to the cable, under 
duct-mouth motion, than where a paper 
binder is used, 
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H. W. Clark: The answer to the questions 
raised by Dr. Brazier in regard to the maxi- 
mum stress encountered in the cable de- 
scribed in the paper and the use of average 
stress rather than maximum stress in the de- 
sign of low- and medium-pressure gas-filled 
cables rests entirely on the marked differ- 
ence in characteristics of these two types of 
cables as compared to the high-pressure 
cable, 

To obtain a clear picture of the differences 
between low-, medium- and high-pressure 
gas-filled cable from the standpoint of 
ionization voltage and maximum stresses, it 
is necessary to start with low-pressure gas- 
filled cable. 

Refer to Figure 2 of this discussion, which 
shows the average of a large number 
of tests made by the General Elec- 
tric Company on cable impregnated with 
medium viscosity compound at copper tem- 
peratures equal to or higher than normal 
operating temperature, 


MAKE-UP 


_[ CONDUCTOR. TINNED COPPER 61/100" 
_|M.P_SCREEN 
INSULATION 
| [MP SCREEN 
DIA. OVER LAID UP CORES 


r_| CLEARANCE 
.|LEAD ALLOY SHEATH 

| BEDDING 

| STEEL_ REINFORCEMENT 
.|RBS. FINISH 3,820 
_[GAS CHANNEL PIPE INT. DIA. 0.25" EXT DIA. 0.375 ; 


Figure 1. Design of cable 
69-ky 3-core, screened conductor, 
impregnated pressure cable; 0.47- 

square-inch conductor 
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This type operates at an average voltage 
stress of 65 volts per mil, and the corre- 
sponding ionization voltage is approximately 
80 volts per mil. This represents a rela- 
tively narrow margin between average oper- 
ating stress and average ionization voltage. 
Also note that in this type of cable the gas 
pressure would have to drop to 5 pounds per 
square inch before ionization discharge 
starts. Here again there is a narrow margin 
of working gas pressure, 

In spite of these narrow margins, there 
has not been an inherent service failure 
of low-pressure gas-filled cable since the 
first installation of such cable in 1988, 
there being between one million and 
two million feet of cable in service at the 
present time, In view of these narrow 
margins, it would be expected that occasion- 
ally incipient ionization tends to start at 
some critical or localized point, and that if 
this ionization were cumulative in its effects 
failures eventually would occur at such 
spots, That no such failures ever do develop 
is a result of the automatic grading and self- 
healing action, which has been fully dis- 
cussed and demonstrated by C, B. Shanplin 
and H. T, Hatcher.'~* Refer particularly to 
Figure 7 of the paper. Note the marked 
self-healing effect when a medium viscosity 
impregnating compound is used, tending to 
extinguish incipient ionization without pro- 
gressive damage. It is this self-healing effect 
that allows low-pressure gas-filled cable to 
work successfully very close to ionization 
margins, It explains why low-pressure gas- 
filled cable is always designed on the basis of 
average working voltage stress rather than 
maximum stress at the conductor surface, 
Automatic grading and self-healing action 
eliminates any problem of maximum stress 
at the conductor surface within the range of 
commercial design, 

Referring to Figure 2 of this discussion, 
note that medium-pressure gas-filled cable is 
designed for an average working stress of 
100 volts per mil and at 40 pounds per 
square inch has an ionization voltage of 130 
volts per mil. Also note that the gas pres- 
sure must drop to 23 pounds per square inch 
hefore incipient ionization starts. While 
these margins are a little wider than those 
for low-pressure gas-filled cable, there still 
is the possibility of incipient ionization 
starting at localized spots in service. Here 
again it is necessary to have a marked self- 
healing effect to safeguard against this, It 
has been found that the self-healing effect in 
medium-pressure gas-filled cable impreg- 
nated with medium viscosity compound is 
practically as pronounced as in low-pressure 
cable. This is illustrated by Figure 8 in 
G. B, Shanklin’s 1942 paper? and explains 
why there has been no service failure in 
medium-pressure gas-filled cable since the 
first installation a number of years ago, 

The same degree of self-healing action 
does not hold for high-pressure gas-filled 
cable, The very slight amount of self-heal- 
ing action at high pressure is not sufliciently 
marked to be counted on ag a factor of 
safety, The relatively high energy in the 
ionization discharge at high pressure would 
render incipient ionization cumulative and 
probably would result in a failure, There- 
fore it is necessary to take maximum stress 


into account in the design of high-pressure 
gas-filled cable. 


In.regard to Dr, Brazier’s comments on 
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and working voltage stresses in gas-filled cabli é 


compound migration tending to create “dry 
spots” in the insulation cross section, th 
drainage channels provided in the America: 
design eliminate the marked pressure d 
ferential found in solid-type cables. After 
the drainage of surplus impregnating co: 
pound, the remaining compound is held in: 
the dense paper cross section entirely by 
capillary action and there is no pressure dif 
ference tending to cause it to migrate, This 
applies whether the cable is installed verti- 
cally or horizontally. This has been proved 
amply by the installation of gas-filled cables 
in shafts with no greater drainage being ex- 
perienced than in horizontal installations, 

Turning to Dr. Brazier’s comments on 
costs, it is difficult to find an accurate basis 
for comparison between costs in England 
and in America. The costs given in the 
paper cover the complete investment, in- 
cluding such items as the restoration of 
roadway paving where required, the removal 
and replacement of shrubbery, and complete 
overhead charges. The relative costs of 
labor and materials in the two countries, as” 
well as the monetary rate of exchange, also” 
would have to be considered. 

Years of experience with solid, oil-filled) 
and low-pressure gas-filled types of cable 
indicate that no difficulty is encountered in 
the application of hand-wrapped tape over 
sector-shaped conductors in the make-up of 
the cable joints. 

In reply to Mr, Komives, the requirement. 
of 600,000-circular-mil conductors in me- 
dium-pressure gas-filled cable to give 
equivalent ampere-carrying capacity to oil- 
filled cable with 500,000-circular-mil con- 
ductors arises from the fact that the transfer 
of heat through the thicker wall of insula- 
tion with its higher thermal resistance in the 
former is not balanced by the radiation 
from its greater outside diamet The | 
actual difference in outside diameter of the | 
two cables is very small because of the neces- 
sity of using round conductors in the oil- 
filled cable in order to permit the installa- 
tion ‘of oil channels of adequate inside di- 
ameter in the interstices. 

In reply to Mr. Del Mar, the inclusion of 
the four paper tapes between the bronze 
binder tape and the lead sheath furnished in 
the cable manufactured by Phelps Dodge — 
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was not mentioned in the paper because it 
was not standard with all manufacturers. 

This feature, as well as the omission of the 
bronze binder tape in shielded cables of all 
voltages, is under consideration at the pres- 
ent time. 
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Lead-Allloy Sheaths for Underground 
Power Cable 


HERMAN HALPERIN 
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IN 1939 it was stated in a paper by 
Herman Halperin' that ‘“‘for many 
cables the expected time of present-day 
commercial sheaths to cracking in man- 
holes is only one-third to two-thirds of the 
life of the insulation” and that ‘better 
sheath materials are needed” to obtain a 
“balanced cable design.” For over 20 
years there has been an interest in the 
Commonwealth Edison Company in ob- 
taining suitable lead-alloy sheathing that 
would have the desired improvements in 
properties over those of commercially 
pure lead sheaths. 

This interest has been accentuated by 
the findings in recent years showing that 
the serviceability of insulation has been 
improved by changes that had been made 
in materials and in factory processes. 
The same procedures have been found 
necessary to obtain improved sheathing 
by developing lead alloys. For solid- 
type cables, as well as for oil-filled cable 
and low-pressure gas-filled cable, proof 
was obtained on the feasibility of safe 
operation of the insulation at conductor 
temperatures higher than previously 
thought safe; in 1942 supporting data 
were given, for example by Mr. Halperin? 
on the results obtained in accelerated- 
aging tests in the laboratories, experi- 
mental operation of field installations, and 
in occasional operation of commercial 

at high temperatures. Such data 
ve been used as the basis for establish- 
¥ permissible copper temperatures for 
lergency operation which are from 10 
30 degrees centigrade higher than those 
rmitted for normal operation for all 
e types of cable. Another result has 
increases in the allowable tempera- 
for normal operation of oil-filled 
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Until recent years, the rules for maxi- 
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mum allowable operating temperatures 
were applied generally to the maximum 
loading condition which usually occurred 
during emergencies when some of the lines 
in a group feeditig a given load were out of 
service. Since the cable systems were 
built to avoid exceeding that limit, the 
normal daily loadings usually resulted in 
temperatures much below the allowable 
limits for normal operation. With the 
establishment of emergency load ratings 
in accord with the newly established in- 
creased temperatures for emergency oper- 
ation, the permissible daily loadings of all 
types of lead-covered cables have in- 
creased considerably over those that pre- 
viously obtained for normal operation. 
(Obviously, this practice has resulted in 
sizable savings in plant investment costs 
for taking care of growing loads.) In- 
cidentally, there is evidence that tem- 
peratures higher than the standard 
values, especially for emergency opera- 
tion, are feasible in some cases, all of 
which tends to accentuate the sheath 
problem. 

With increased loads, the life of a given 
sheath to fracture decreases much faster 
than the rate of increase in amperes.’ 
The fractures are due largely to breaks 
through the lead sheaths, which admit air 
and moisture into the insulation. A 
major cause of the sheath breaks is 
fatigue cracking resulting from the daily 
movement of the cables due to longi- 
tudinal expansion and contraction with 
changes during the day in load on the 
lines. Such cracking usually occurs in the 
manholes, where the cable movement 
causes slow bending, but sometimes it 
occurs in the ducts. It is especially 
troublesome on cables having sheaths 
larger than two inches in diameter. 

Another cause of trouble is the expan- 


Halperin, Betzer—Lead-Alloy Sheaths for Underground Power Cable 


neeving (AIEEE Tyvansactions), volume 61, Octofler 
1942, pages 719-26. 


3. OPERATION OF LOow-PRESSURE GAS-FILLED 
Caste, C. T. Hatcher. Electrical Engineering 
(AIEE Tyansactions), volume 63, November 1944, 
pages 788-92. 


sion of the sheath as a result of internal 
pressure, since lead creeps slowly but 
surely at low tensile stresses. If substan- 
tial sheath expansion occurs, the elec- 
trical strength of the insulation may be 
affected seriously by, for example, ex- 
cessive drainage of the impregnating 
compound into’ the newly created in- 
ternal space. Also, the expansion may 
continue and may eventually cause sheath 
rupture. In either case, the result has 
been either cable failure in service or re- 
placement of the faulty cable length be- 
fore failure. 

In solid-type cable, the internal pres- 
sure is produced during the heavy-load 
hours by thermal expansion of the oil in 
the cable, especially in those high-voltage 
cables having oil reservoirs connected at 
the joints or by hydrostatic head in riser 
cables or cables on slopes. In more re- 
cent years, cables with controlled continu- 
ous positive pressure on oil or gas in the 
cable have come into use. Thus, in order 
to withstand the internal pressure suffi- 
ciently throughout the life of the cable, 
the sheathing material must have both 
good resistance to creep (very low rate of 
expansion) and good elongation to frac- 
ture (ductility). 

In these three types of cable, the use of 
increased conductor temperature causes 
increases in sheath temperatures and in 
daily ranges in temperature. The re- 
sistance of lead sheaths or lead-alloy 
sheaths both to fatigue cracking and to 
expansion by creep caused by internal 
pressure decreases rapidly with increases 
in temperature of the sheath. Therefore, 
in order to utilize the possibilities cf 
higher loading, a need arose for a sheath- 
ing material which would withstand both 
the slow bending of small amplitude and 
the internal pressures better than com- 
mercially pure lead sheaths and would 
have other suitable properties. So far, 
such material has been found in the 
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arsenical-lead alloys, of which several are 
now in use, One type, which was de- 
scribed by L. F. Hickernell and C. J. 
Snyder in 1946,’ consists mainly of about 
0.15 per cent arsenic, 0.10 per cent tin, 
and 0.10 per cent bismuth in lead. Other 
types contain much less bismuth and 
about 0.04 per cent copper. 
The American cable 
solved another lead-sheath problem very 
well 15 to 20 years ago. Prior to that 
time, sheath openings were developing 
rapidly in some solid-type cables, mainly 


manufacturers 


those having heavy walls of insulation and 
oil-filled joints with reservoirs containing 
oil connected to them. High internal 
pressures were occurring during daily 
peaks in loading. These openings re- 
sulted mainly from local weaknesses in the 
sheath structures caused by oxides or 
dross in the metal and by lack of uni- 
formity in thickness circumferentially. 
Both defects are rare in cable made re- 
cently, 

In this discussion, commercially pure 
lead includes common desilverized lead A, 
chemical lead, and lead containing added 
copper. For the tests of strip specimens, 
the strips were obtained in all cases from 
sheathing which had been extruded on 
cable. 


Life-to-Fracture in Bending 


A dummy manhole simulating a full 
sized manhole in the streets was con- 
structed in the laboratory. (A picture of 
this machine was shown in an earlier 
paper.?) Cable samples about 25 feet 
long with a joint in the middle were in- 
stalled in the manhole and moved toward 
and away from the manhole in 70-second 
cycles, simulating the movement. which 
occurs in service. Cycles of movement 
were counted to produce fracture of the 
sheath, which permitted air to leak out at 
afew pounds pressure. Most of the tests 
were made with 0.5-inch movement of the 
cable at the duct mouth at each end of the 
manhole, because this was found to be a 
typical daily movement on a well-loaded 
_500,000-circular-mil, 3-conductor, 12,000- 
volt line in Chicago. On such cable the 
average temperature of the sheath in the 
manholes is of the order of 110 degrees 
Fahrenheit (43 degrees centigrade) and in 
the ducts is somewhat higher. 

The results of such tests have shown 
that the number of cycles to fracture for 
the arsenical-lead-alloy sheaths is about 
three times the number for lead sheaths 
under comparable conditions, and the 
ratio is sometimes greater, Data for one 
cable size are shown in Table I. In the 
tests recorded in this table the cable was 
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Table |. Bend Tests to Fracture of the Sheath on 500,000-Circular-Mil, 3-Conductor, 12-Ky 
Cable in Dummy Manhole : 


+4 
“y 


Cycles to Fracture, Cycles to Fracture, 


At Room Temperature: 


0.120-inch 0.120-inch 
Lead Sheath Alloy Sheath 
Belted cabless.y.c:o aia dina dea vie coe belay ae lsie ala ianceee 1 5420 (2) #2007. oe 35,471 (3) 
Shielded cable with metal binder... 0.06.2 0+00.-+0+00, 0,082 (4) os 7 remipeenm 17,943 (1) 
Shielded cable with paper binder...............+++.-- 9,720 (12)............ 22,564 (3) ES 


At 43 degrees centigrade: 
Shielded cable with paper binder,........... 


Ania Cu 2,755 (2) .........<8eltee6SnZay 


* Figures in parentheses indicate number of tests. 


moved 0.5 inch at each end of the man- 
hole in 70-second cycles. Some bending 
tests also have been made for single-con- 
ductor and 3-conductor cables rated from 
4kv to 138 kv. 

The type of construction of the cable 
under the sheath exerts a considerable in- 
fluence on the life-to-fracture of the 
sheath. If 3-conductor cable has a copper 
shielding tape over the insulation on each 
conductor and a copper or bronze tape 
with an intercalated-paper tape wrapped 
around all three insulated conductors to 
bind them together (the common con- 
struction of shielded cable), then the life- 
to-fracture of the lead sheath in bending 
is about half that of sheath on belted-type 
cable. The metal tape wrapped around 
the cable has some rigidity and tends to 
concentrate the working of the sheath 
over the edges of the metal tape. If the 
shielded cable has three or four paper 
tapes (total about 20 mils thick) instead 
of the metal and paper-tape binder, the 
life of the sheath in bending is appre- 
ciably better, but is still somewhat less 
than that of the sheath on belted cable. 
However, the alloy sheath on the shielded 
cable with paper binder has been found to 
have over twice the life-to-fracture of the 
lead sheath on belted cable. 

Incidentally, proof has been presented 
by E. H. Salter, G. B. Shanklin, and R. J. 
Wiseman' that the paper binder affords 
adequate mechanical strength during 
short-circuit conditions. In the installa- 
tion of cable with paper binder, the metal 
shielding around the conductor insulation 
is connected metallically to the lead 
sheath in each joint. Paper tapes in the 
binder, even though insulating, have 
caused no trouble because of transient 
potentials across them during fault condi- 
tions. 

The shielded type of cable has some ad 
vantages in stability of the insulation 
under voltage and somewhat greater cur- 
rent-carrying capacity than belted cable 
with the same conductor size. For both 


_ normal and emergency operation, tests 


have shown that for solid-type cable, the 
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shielded type can safely withstand higher 
loading than can the belted-type cable 
with the same 3-phase voltage rating. 
Higher temperature limits are, therefore, 
prescribed for the shielded type in the 
standard specifications. In general, 
there is a trend in usage for cables rated at 
more than 8 kv toward the shielded type; 
and some users specify that the binde 
consist of paper tapes. 
Figure | shows the results of bend tests 
of one cable design with alloy sheath in 
which the number of cycles to fracture 
is related to the amount of repeated move- | 
ment of the cable at each end of the 
manhole. The corresponding total strain 
produced in each cycle of bending of that 
particular cable for a given movement at 
the duct mouth also is shown. Most of 
the tests represented in these data were 
made on 25-foot samples in the dummy- 
manhole apparatus with an offset of 19 
inches between the centers of the cable in 
the duct and in the joint. Some of them | 
were made on 8-foot samples of cable bent _ 
into U-shape, held at one end and moved 
back and forth at the other end. With 
the motion adjusted to give the same 
maximum strain of the sheath in t 
test as in the dummy manhole, the re- 
sulting number of cycles to fracture of the — 
sheath has been found to be about the 
same as in the dummy-manhole appara- | 
tus. 
These results indicate that at 43 de- | 
grees centigrade with 0.32 per cent sheath | 
strain (equivalent to 1/2-inch movement 
of the cable at each end of the manhole), _ 
the average life-to-fracture at a speed of © 
about one cycle per minute is about 
14,000 cycles for arsenical-alloy sheath. | 
The 1/2-inch movement corresponds toa _| 
daily range in conductor temperature of 
about 25 degrees centigrade on sections of ~ 
that cable longer than about 300 feet. — 
Generally, cables operate with somewhat 
less. temperature range during most of 
their service lives for which the test data — 
show considerably increased lives for the — 
sheath. These data relating movement — 
to life-to-fracture of the sheath provide a — 
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means of predicting the service life of the 
sheath for various current loadings of the 
line. 

In commercial operation, the bending 
cycle generally is a 24-hour cycle cor- 
tesponding to the daily-load cycle. In 
order to obtain an indication of the effect 
of slower movement than the 70-second 
cycles used in the dummy manholes on the 
number of cycles to produce fracture of 
the sheath, bend tests were made on 
strips cut from cable sheaths,® with 1- 
minute, 10-minute, and 60-minute cycles. 
The number of test results obtained to 
date is inadequate to establish definitely 
the relation between speed of bending and 


number of cycles to fracture, but they do 


give an indication which is of value in 
this presentation. As shown in Figure 2, 
extrapolation from the available test re- 
sults indicates that the number of 1-day 


i" cycles to produce fracture is roughly one- 


third of the number with 1-minute cycles. 


‘Since the action within the structure of 
the metal is somewhat different in a strip 


? Figure 2. Bend tests of strips at 0.3 per cent 
ce strain 


of sheath when bent than it is in a sheath 
on a cable, the results of these tests can- 
not be applied directly to service condi- 
tions. However, it is believed that the 
relation between length of cycle and 
number of cycles to fracture can be ap- 
plied on an approximate basis. The data 
indicate, then, that the life-to-fracture of 
the alloy sheath on a well-loaded 12-kv 
line is about one-third of 14,000 cycles, or 
about 5,000 cycles. If such load cycles 
are applied six days per week, the indi- 
cated life-to-fracture of the sheath in the 
manhole is about 16 years. 

If the line is not regularly well-loaded, 
as is generally the case, so that the average 
daily cable movement is only 1/4 inch, for 
example, at the same temperature the 
sheath will fracture in about 40,000 cycles 
in the laboratory test, or more than 40 
years in commercial service. Further- 
more, with less load the sheath tempera- 
ture in the manhole would be somewhat 
less than 110 degrees Fahrenheit (43 de- 
grees. centigrade) and the life-to-fracture 
would be even longer. 

During emergencies, the cable occa- 
sionally might be more heavily loaded for 
a day or two, with the result that the 
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cable movement might be as much as two 
inches at each end of the manhole. If the 
cable is in a well-loaded duct bank, the 
sheath temperature in the manhole may 
be about 150 degrees Fahrenheit (66 de- 
grees centigrade). For such conditions 
the indicated life-to-fracture on test is 
only 500 cycles, and in service is, perhaps 
one-third of that, or 170 cycles. One or 
two load cycles under such conditions 
would, however, consume only about one 
per cent of the life of the sheath, which is a 
negligible part of the service life. 

These bend tests have shown that the 
lead-alloy sheath has a life-to-fracture at 
l-inch cable movement about equal to 
that of lead sheath at 0.50-inch move- 
ment. Data have been presented? re- 
lating cycles of movement to produce 
fracture to daily range in temperature. 
Based on those data, this increase in al- 
lowable movement corresponds to an in- 
crease in daily temperature range of 
about 50 per cent. Thus, for equal 
sheath life, the alloy permits about 22 per 
cent higher current loading of the cable. 


Resistance to Creep 


Another important characteristic in 
which the arsenical-lead alloys are mark- 
edly superior to lead for cable sheathing 
is the ability to withstand stress, as indi- 
cated by rates of creep. The average re- 
sults of a large number of tests of strip 
specimens under steady tensile stress® are 
shown in Figure 3. The results shown for 
lead alloy were obtained on the approved 
types. At temperatures between room 
temperature and 43 degrees centigrade, 
and at the stresses which are most com- 
mon for cable sheaths in service, the alloys 
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take about 100 pounds per square inch 
(psi) higher stress than lead to produce a 
given rate of creep. At 66 degrees centi- 
grade, the difference in stress is about 60 
to 80 psi. Thus, though the advantage of 
the alloy is not so great at the higher 
temperatures which may be encountered 
at unusually warm locations or generally 
during emergency operation, the dif- 
ference still is considerable. 

_These creep rates are based on the 
elongation of strip specimens under steady 
tensile stress between 1,000 and 2,000 
hours after the load had been applied. 
Most of the tests on strips were run to 
5,000 hours, but some were continued to 
as long as five years. Generally, after 
2,000 hours the rate of creep under normal 
conditions of temperature and stress de- 
creases slowly for a long period until 
finally a rising rate leading to failure de- 
velops. The decreasing trend occurs for 
both lead and the arsenical-lead alloys. 
Thus, the rates of creep shown in Figure 3 
are a little higher than they would be for 
periods of years in service. 


Toward the upper values of tempera- 
ture and pressure that might be encoun- 
tered in service, such as 300 psi and 66 de- 
grees centigrade, the rate of creep for the 
alloys generally increases gradually with 
time. For example, an alloy that had a 
rate of 1.93 per cent creep per year at 300 
psi and 66 degrees centigrade, based on 
the elongation between 1,000 and 2,000 
hours, had a rate of 2.10 per cent based on 
the elongation between 4,000 and 5,000 
hours. In service, however, such high 
sheath temperatures occur rarely, and 
then usually only for short periods during 
emergency operation. Such high hoop 
stresses sometimes occur in the sheaths of 
solid-type cable during the initial loading, 
but after the sheath has become ex- 
panded somewhat the stresses are much 
less. 


The strip specimens used in these creep 
tests were 1/4-inch wide in the gauge sec- 
tion. An investigation was deemed 
necessary to determine whether the re- 
sults could be applied directly to the 

sheath on cable with internal pressure. 
Six-foot samples of sheathing with sealed 
ends were filled with oil and were main- 
tained with internal pressure at room 
temperature for some samples and at 66 
degrees centigrade for others. The rates 
of radial expansion of these sheaths over 
long periods of time (one test ran 13 
years until the sheath split) were com- 
pared with the rates of elongation of the 
strip specimens of the same materials. 
In most cases, the rates of creep for long 


periods of time were practically*the same - 


for both the strip and the cylindrical sam- 
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ples. In some cases, the rates for the 
sheaths with internal pressure were 
somewhat less than those for the strips. 
For purposes of determining suitable 
thicknesses of sheaths and allowable inter- 
nal pressures, the rates of creep shown in 
Figure 3 are, therefore, considered to be 
conservatively on the high side. 

Good creep resistance is especially im- 
portant for cables which are maintained 
with internal pressure, such as oil-filled 
cable and gas-filled cable. For oil-filled 
cable, the ability of the sheath to with- 
stand higher internal pressures makes pos- 
sible savings in the provisions of oil res- 
ervoirs for the thermal expansion of the 
oil. For gas-filled cable, higher pressures 
make feasible the use of higher operating 
voltage by raising the ionization voltage 
of the insulation. For the arsenical-lead- 
alloy sheath, a limiting hoop stress of 175 
psi has been established,’ whereas the 
established limit for commercially pure 
lead sheath is 125 psi. 

Generally, the sheath in the duct is 
somewhat warmer than that in the man- 
holes, and for a well-loaded line may be 
about 50 degrees centigrade. Based on 
these data, a lead sheath at 50 degrees 
centigrade and 125 psi will expand by 
about 6.1 per cent in 40 years, while the 
alloy sheath at 175 psi will expand by 
about 5.5 per cent. These figures are 
slightly lower than those indicated in 
Figure 3 to allow for the decrease in rates 
of creep which occurs with time. ‘Thus, 
the established limit of 175 psi for the 
arsenical-lead alloy is based on less ulti- 
mate expansion than is the limit of 125 
psi for lead. In the following section the 
alloy is shown to be much better able than 
lead to withstand such expansion. 


Long-Time Effects 


Commercially pure lead does not harden 
with age. In fact, it will recrystallize 
quite readily under ordinary service con- 
ditions of temperature and stress. The 
tensile strength and hardness show little 
or no change with time, but lead is a rela- 
tively weak metal and its elongation to 
fracture decreases in a very long time 
under stress. 


Small amounts of some alloying sub- 
stances can make lead an age-hardening 
metal so that the tensile strength increases 
and the ductility decreases over a period 
of four or five years. The decrease in 
ductility might cause cracks to develop in 
cable sheathing in normal handling during 
installation or might cause early failure 
as a result of cable movement in service. 
Some alloys which were tried ten or twelve 
years ago were found to be age-hardening. 
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Although the results of tests made short 
after the cable was manufactured we 
good, fractures developed within a fe 
years in service. With age, the shea 
lost in ductility and broke with very lit 
elongation. 
The arsenical-lead alloys that have bee 
accepted for commercial use are not ag 
hardening materials. Their phy; 
properties have been tested over a pe 
of several years without showing a 
appreciable change in tensile strength o 
elongation. The hardness, as measure 
with a modified Rockwell tester, decrease 
somewhat in some cases. é 
In short-time, tensile-strength tests 
strip specimens of commercially pur 
lead sheathing fracture at about 1,900 te 
2,100 psi with elongation of about 50 or C 
per cent to fracture in a 2-inch gauge 
length. Metallurgical study of the speci 
men shows that the fractures in such tests 
usually go through the grains of the metal 
If the specimen is subjected to a steady 
tensile stress of, say, 500 psi at 43 degrees 
centigrade, fracture might occur in about 
a year with much less elongation. Metal: 
lurgical study shows that the cracks in 
such tests generally follow the boundarie: 
around the grains. Thus, the nature 0: 
fracture of sheaths in service appears te 
be somewhat different from that in short- 
time tests and depends more on the 
strength of the metal in the grain-bound- 
ary region. 


Commercially pure lead cable sheaths ir 
service with internal pressure have be 
found to burst open when the diamet 
have increased by as little as 31/2 or 4 
cent. These sheaths were fairly uniforn 
in thickness around the circumference 
The dependable life of such sheathing — 
therefore can be considered to be ende 
when expansion of about that amount is 
reached. a 

The arsenical-lead-alloy sheaths have 
been found to have good ductility in long- 
time tests. Some typical test results are 
shown in Figure 4. In some cases, such as 
alloy A, the elongation to fracture 
mains almost unchanged in tests to over 
a year in duration. In other cases, such 
as alloy B, there appears to be a decline — 
in ductility at first and then for tests of 
longer duration, higher values are shown. | 
It is believed that over long periods of 
time in service these alloys can be de 
pended upon to expand by at least 10 pe: 
cent before fracture occurs. This is more ; 
than enough for most practical purposes. | 
The ability of the sheath to expand — 
without bursting is of value for solid-type 
cable in which oil is fed to the cable from _ 
reservoirs connected to the joints or from 
terminals, or for cables installed vertically 
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or on steep slopes where the hydrostatic 
head of oil creates internal pressure at 
the bottom. It is of value, also, for 
pressure-type cables such as low-pressure, 
oil-filled cable and gas-filled cable. 

Figure 5 shows the relation between 
stress and time-to-fracture in tests of strip 
specimens at 43 degrees centigrade with 
In addition, a few 
tests on sheaths at stresses of 200 to 315 
psi, some to fracture in as long as 13 
years, have been made on cable samples 
with internal pressure, and the results 
generally have been in line with the rela- 
tions shown on the figure. These data 
show that to produce fracture in 100 hours, 
for example, the alloy sheath requires 
about 400 psi greater stress than does 
copper-bearing lead sheath. The differ- 
ence between alloy and lead decreases for 
longer tests at lower stresses. If these 
data may be extrapolated to 40-year life, 
the indication is\that the average stress 
to produce fracture of the alloy sheath is 
about 280 psi, and that for copper-bearing 
lead sheath is about 90 psi. Such extra- 
polation from laboratory tests to obtain 


strength for 40 years is questionable, and 


ee 
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the stresses derived might be changed 
considerably by further results of the very 
long-time tests. However, the data 
furnish definite evidence of the marked 
superiority of the arsenical-lead alloy. 


Installation of Cable with Alloy 


Sheath 
Since arsenical-lead-alloy sheath is 


‘somewhat harder and stronger than lead 
sheath, it is somewhat better able to resist 
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scoring or abrasion when the cable is 
pulled into the duct. This feature is 
especially of value for the large and heavy 
cables that have been installed in recent 
years. Also, the higher tensile strength of 
the alloy sheath is of some slight advan- 
tage in withstanding the forces to pull the 
cable into the duct. 

Slightly greater force is required to bend 
the cable to train it into position in the 
manholes. However, cables with large 
conductors having over-all diameters of 
3.0, 3.3, and even 3.4 inches, have been 
installed in 4-inch precast-concrete ducts 
in 600- to 700-foot lengths of conduits 
without any substantial difficulty. For 
cables smaller than about 3.0 inches, the 
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Figure 6. Effect of joint wipe on hardness of 
arsenical-lead-alloy sheath 


A and B—Opposite sides of cable in one 
direction from joint 


C and D—Opposite sides of cable in other 
direction from joint a 
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difference in this respect has not been 
noticeable. 

In a few cases, cracks have developed 
during installation of some of the early 
alloy sheaths, mainly on cables having 
diameters about 3.3 inches. Those 
sheaths were found to be abnormally hard 
and low in ductility in the region of the 
fractures. This condition was the result 
of improper conditions of extrusion of the 
sheath at the factory. Investigations 
have shown that, in order to avoid such 
troubles and to obtain uniformly good 
properties of the alloy, close control of the 
treatment of the metal, both in the lead 
press and after it leaves the lead press, is 
necessary. The methods and control of 
the extrusion process have been improved 
greatly. 

Some of the desirable properties of the 
alloy are lost adjacent to seals and wipes 
which are made with molten solder. 
Figure 6 shows the decrease that might 
occur in hardness of the alloy sheath 
within two inches of the solder wipe seal- 
ing the joint sleeve to the cable sheath. 
These hardness tests were made three 
weeks after the joint wipes were made. 
It would be desirable to eliminate this 
change in the properties. However, it 
should be noted that in the bend tests in 
the dummy manhole, as discussed pre- 
viously, each sample contained a full-size 
joint made in the usual manner. Al- 
though the fracture in those tests usually 
occurred less than one inch from the joint 
wipe, the lives to fracture were much 
better than those for lead sheaths, as is 
discussed earlier. 

The lead-alloy sheath withstands vi- 
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bration much better® than lead sheath. 
There have been a few cases where lead 
sheaths have been fractured with many 
cracks as a result of vibration at points of 
support caused by street or railway traffic. 
Vibration is especially troublesome to 
lead-covered cables on bridges. It also is 
a problem on lead-covered cables sup- 
ported on aerial messenger wire. 


Usage 


Beginning in 1944, the Commonwealth 
Edison Company adopted the arsenical- 
lead alloys for sheathing on 4- and 12-kv, 
3-conductor cables of the larger sizes 
(375,000 circular mil and larger) and on 
all 66- and 132-kv cables. Cable with 
these alloys has been furnished by six 
manufacturers. Some of the manufac- 
turers are continuing their development 
work on various lead-alloy sheaths. Also, 
the tests described herein are continuing. 


Possible Changes in Sheath 
Construction 


Since the arsenical-lead alloy is con- 
siderably better than lead in the impor- 
tant characteristics for power-cable 
sheathing, could not the change from lead 
to alloy sheath be accompanied by a re- 
duction in sheath thickness, with a corre- 
sponding reduction in the cost of the 
cable? 


Some 500,000-circular-mil, 3-conductor, 
12-kv cable was obtained with 100-mil 
alloy sheath, some with 85-mil alloy 
sheath, and some with 65-mil, in addition 
to cable with the standard 120-mil sheath. 
Bend tests were made in the dummy- 
manhole and ina U-bend machine for 
which the results are shown in Figure 7. 
While there is considerable scatter in 
some of the results, and alloys from three 
different companies are involved, there 
are enough data to give a fair indication 
of the trends. These data indicate that a 
reduction in sheath thickness from the 
present standard thicknesses would be 
accompanied by a percentage reduction 
in life-to-fracture in bending correspond- 
‘ing to, or a little more than, the accom- 
panying percentage reduction in thick- 
ness. Where this property is not the 
controlling factor in the service life of the 
cable, the thickness might be reduced by 
about 10 per cent. With the correspond- 
ing reduction in life, the alloy sheath still 
would have an appreciable advantage in 
this respect compared with lead sheath. 

Some bend tests were made of cable 
with 85-mil alloy sheath and 75-mil fab- 
ric-reinforced neoprene jacket and of 
cable with 65-mil alloy sheath arid 90-mil 
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Figure 7. Bend tests of 12-kv cable with 
alloy sheath of various thicknesses at 43 degrees 
centigrade 


Further developments have been made on these 
alloys since these samples were produced 


extruded-polyethylene jacket.  Difficul- 
ties were encountered in determining 
when the sheath under the jacket had 
cracked. However, the data are con- 
sidered adequate to indicate that for 
these thin sheaths the life-to-fracture in 
bending is better with the jacket than 
without it. While the jacket is new and 
tight on the sheath, it is of benefit in 
lengthening the life-to-fracture, if the re- 
peated bending strains are large enough to 
produce appreciable wrinkling or buckling 
of the sheath of reduced thickness without 
jacket. With age in service, however, the 
jacket might loosen on the cable and be- 
come of little or no help to the sheath. 
The use of a jacket, of course, practically 
eliminates the possibility of scoring of the 
sheath during installation. Such scoring 
might reduce its thickness at places by as 
much as 15 per cent. Based on this con- 
sideration mainly, the commonly used 
specifications’ for oil-filled cable were re- 
vised recently to permit a one-sixth re- 
duction in sheath thickness when jackets 
are applied over the sheaths. 

Alloy sheath as thin as 65 mils on 
cable of this size is impractical for other 
reasons. It would be relatively weak to 
withstand the pulling forces involved in 
installing the cable in conduit. It would 
have a tendency to wrinkle when the 
cable was bent. Considerable care would 
be required to make solder wipes on such 
thin sheath for joints and potheads. 
With the addition of a jacket over the 
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sheath, it would make little or ng, savi 
in the factory cost of the cable comp 
to 120-mil alloy-lead sheath. 

Some consideration has been given te 
the possible use of materials other 
lead or lead alloy for power cable shea 
While some of the synthetic mate 
which are now commercially avyailah 
have very good resistance to moisture, — 
none of them will keep out water cor 
pletely, which a lead sheath does. Mo 
of the synthetics are relatively new ani 
there is not adequate proof available that 
they can be depended upon under various 
service conditions for a 40-year life of the | 
cable. With the recently increasing loads — 
and higher ambient temperatures for _ 
power cables, sheath temperatures also — 
are increasing. At least some of the avail-— 
able synthetics are not able to withstand 
the higher temperatures. In case of a 
failure to ground on the line, a conducting 
path must be available for the return fault 
current. The lead sheaths serve this pur- 
pose well. With nonconducting material, _ 
some other provisions would be needed. | 
For these reasons, synthetic materials 
have not beenadopted for paper-insulated, 
underground power cables. 


Use of aluminum for cable sheaths has — 
been considered from time to time, and 
some trials have been made in the United 
States to extrude it as cable sheathing. | 
Recently, a method of drawing down ar 
aluminum tube onto a cable has been de- | 
veloped in England. Aluminum is con- 
siderably stronger than the lead alloys, — 
and this would be an advantage for many — 
cable applications. With aluminum 
sheath an internal pressure of 200 psi 
could be used for self-contained, gas-_ 
filled, or oil-filled cable for extra-high © 
voltages without additional metallic cov- 
erings to reinforce the sheath. Such 
cable could, in some cases, be used instead — 
of cable installed in steel pipe. For aerial — 
cable, the reduction in weight and in cost 
made possible by the use of aluminum in-— 
stead of lead is especially attractive. — 
However, for use underground, a covering — 
over the aluminum to prevent corrosion 
would be required. This would make the 
cable unattractive from the standpoint of — 
cost for most applications. 


Since the conductivity of aluminum is © 
about seven times that of lead, the losses | 
in aluminum sheath of the same thickness — 
would be about seven times those in lead 
sheath. Such losses are due both to 
circulating currents induced in the sheath 
by the flow of current through the con-— 
ductors and to stray currents picked up — 
from other sources. For example, for 
500,000-cireular-mil, 3-conductor, 12-kv 
cable with lead sheath, the induced sheath 
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losses are only 3 to 4 per cent of the con- 
_ ductor losses. If the sheath were alumi- 
num and about 10 per cent thinner, the 
_ ratio would be about 22 per cent, which 
would cause an appreciable reduction in 
current-carrying capacity. These losses 
_ are based on 60-cycle current. 


Conclusions 


In order to carry safely the increased 
loads that correspond to the increases in 
temperatures that have been found feasi- 
ble for the impregnated-paper insulation 
of underground power cables, a sheathing 
material better than commercially pure 
lead was needed to avoid considerable re- 
ductions in the life of the cable. Arsenical- 
lead alloys have been developed to meet 
this need. They are far superior to cop- 
per-bearing lead in ability to withstand 
repeated bending in manholes caused by 
thermal expansion and contraction of the 
cable, in resistance to creep caused by 
internal pressures, and in life-to-fracture 
under tensile stress. They also are some- 
what better able to withstand the han- 
dling involved in installation of the cable. 
For some cables which operate continu- 
ously with internal pressure, arsenical- 
lead alloys permit use of a sheath without 
additional reinforcing coverings, with 
accompanying saving in the cost of the 
cable. 

The improved ability to withstand 
bending makes feasible the use of less off- 
set in the manholes between the center of 
the cable in the duct and in the joint. 
Thus, existing manholes can sometimes 

be used for the installation of an alloy- 
sheathed cable, where for the same cable 
having a commercially pure lead sheath 
enlargement of the manhole would be 
necessary to provide the necessary large 
offsets. For new manholes, a reduction 
in offset permits a reduction in the cost of 
the manhole. 

_ The development work on arsenical- 
lead alloys is continuing and some of the 
cable manufacturers are searching for 
other suitable lead alloys. 
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Discussion 


R. W. Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): Utility engineers 
have contributed significantly toward the 
development of power cables in various 
ways, especially by studying and evaluating 
various service conditions and problems; 
and aiding the development and evaluation 
of practical test methods to measure the 
properties of a cable which control its ability 
to meet these service conditions, 

In the case of equipment which is expected 
to serve for many decades, perhaps the most 
challenging problem, and one always pres- 
ent, is that of evaluating in a short time 
something which is subject in service to 
action over many decades. This is particu- 
larly pertinent to the lead sheath problem 
which the authors have studied and an im- 
portant part of their work is the information 
which aids in the correlation of measurable 
characteristics with the service performance. 

In the studies of fatigue of lead sheath it is 
significant that the emphasis is upon cycles 
of motion of from 1 minute to 24 hours in 
length. For many years, the discussion of 
fatigue of lead sheath was in terms of many 
hundreds of cycles per minute. While bend- 
ing at such speeds, which may properly be 
called vibration, does characterize stresses 
which are sometimes imposed upon lead, it 
seems likely that speed of repetition of most 
of the fatigue stresses which lead sheaths 
have to meet is very low, very often one 
cycle per day. Because of this low rate, it 
becomes particularly important that correct 
criteria be determined for extrapolating to 
long time the results of tests of relatively 
short duration. Halperin and Betzer have 
given important data concerning this sub- 
ject. 

It is fortunate that, as mentioned by the 
authors, the arsenical alloys of lead, chosen 
primarily becatuse of good creep resistance 
and good resistance to slow motion fatigue 
also have good resistance against vibration. 
Thus, the particular alloy which we have 
furnished has resistance to vibration fatigue 
that is quite comparable to that of the usual 
antimony-lead alloy which has long been 
used in locations where vibration is ex- 
pected. It appears, moreover, that the 
arsenical alloy maintains its original proper- 
ties better than does the antimony alloy. 

The authors indicate finding a sheath life 
under fatigue conditions substantially in 
proportion to sheath thickness. Our con- 
siderable number of measurements also 
show this same general trend. 

The authors refer to the testing of sheath 
protected by various nonmetallic coverings. 
We have overcome the difficulty of learning 


when sheath breaks occur by an electro- 
magnetic exploring device which finds a 
break very soon after it has begun and long 
before any visual evidence occurs. We also 
have found that considerable increase in 
sheath life may be obtained in certain cases 
by the use of suitable sheath coverings. 
However, we urge caution on any who un- 
dertake these tests on protected sheath to 
exercise particular care to avoid erroneously 
favorable conclusions as a result of the diffi- 
culty which the authors mention of finding 
when a test sample has failed. 


H. D. Short (Canada Wire and Cable 
Company, Toronto, Canada): I am going 
to confine my comments in particular to two 
aspects of the paper. But first, I should like 
to ask the authors what type of cable they 
have in mind when referring to ‘gas-filled 
cable”. I surmise it to be the Shanklin- 
Hayman so-called low gas pressure cable, 
but should like*this confirmed or have the 
authors’ comments to the contrary. 

The authors make the statement that the 
arsenical-alloy sheath is much superior to 
lead in respect of their relative resistance to 
fatigue under vibratory motion. This is dis- 
tinctly opposed to the results we have ob- 
tained from accelerated vibration tests on 
several different types of lead alloys. 
Briefly, these tests were based upon at- 
tempts to simulate the actual conditions in 
service by making use of a calibrated vibra- 
tion table. We could discern no apparent 
difference between the arsenical-alloy and 
plain lead in these tests. I should like to 
know if the authors have corroborative evi- 
dence other than the reference they have 
cited in this regard. 

The authors also mention aluminum 
sheaths in their paper and I presume they 
have in mind my own paper on this subject 
before the Insulated Conductor Committee, 
and Mr. Hollingsworth’s paper! before the 
International Conference on Large High- 
Voltage Electric Systems. I fail to grasp 
the force of their remarks in regard to a pro- 
tective covering over an aluminum sheath 
as rendering it unattractive economically 
when used underground. Presumably by 
“underground” they refer to a buried duct 
bank. Nowadays, it seems to be not an 
uncommon practice to pull jacketed lead 
sheathed cables into ducts. 

It is not reasonable to expect that it is 
less costly to jacket a lead sheath than an 
aluminum one. 

I must also take some exception to the 
authors’ categorical statements in the mat- 
ter of sheath losses, reducing the current 
rating of aluminum sheath cables. The 
authors in their introduction have again 
emphasized the inability of lead sheaths to 
sustain the modern cable under contempo- 
rary loading practice. A chain is no stronger 
than its weakest link, and the mortality 
rate of lead sheath cables installed in duct 
banks is most frequently determined by the 
lead sheath. Aluminum sheaths have a 
fatigue resistance many times greater than 
lead; also they have no appreciable creep 
characteristics such as one finds in lead or in 
many other materials of a more or less plas- 
tic nature; again the crystal structure of 
aluminum sheaths is extremely stable. 
Hence, it obviously follows that the de- 
preciating effect of the sheath losses may, in 


" many instances, be readily offset by increas- 
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Figure 1. Sheath losses of 3-conductor cables with lead and aluminum sheaths (60-cycle 


values) 


ing temperature of the conductor without 
4mpairing the life expectancy of the cable. 
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R. W. Burrell (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Although commercially-pure lead has served 
the electrical industry well as a material for 
cable sheaths, its limitations are recognized. 
Through the years cable manufacturers 
have sought for improvement in lead sheath 
behaviour, carrying on an extensive research 
jn the field of lead alloys. The sheath failure 
record reported in the annual Cable Opera- 
tion Report! of the industry is sufficient 
evidence of the need for such research. 


The relative advantages of arsenical-lead 
as a means of obtaining a better sheath 
performance and longer cable life have been 
thoroughly explored by the authors in this 
valuable paper. The authors have men- 
tioned previously the possible use of alumi- 
num as a substitute for lead and have 
brought out the fact that because of higher 
conductivity, sheath losses will be higher 
with aluminum than with lead sheaths. It is 
of interest to those who have considered 
the possible use of aluminum-sheath cables 
to compare the relative sheath loss of typical 
cables employing these two different sheath 
materials. It is with the subject of sheath 
losses in 3-conductor cables that this discus- 
sion is concerned. 


The authors have quoted the conductivity 
of aluminum as about seven times that of 
lead. For the purpose of this discussion, 
the resistivity of lead has been taken as 26.1 
microhm-centimeters at 60 degrees centi- 
grade. This value, taken from the Smith- 
sonian Physical Tables and quoted by Sim- 
mons? probably is high for actual lead sheath 
material. The resistivity of aluminum has 
been taken as 3.38 microhm-centimeters at 
60 degrees centigrade: These values give a 
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ratio of conductivity of nearly 8-to-1, which 
is probably somewhat high. However, this 
ratio was used in calculating relative sheath 
losses to produce an upper limit of probable 
increase in connection with a study of the 
possibilities of using aluminum-sheathed 
cable on the Consolidated Edison System. 

The relative values of calculated sheath 
losses, for a range of 3-conductor cable sizes, 
are shown in Table I of this discussion. The 
cable sizes and types listed, with the excep- 
tion of the 3 X 1,000,000 circular mil size 
are representative of the standard distribu- 
tion feeder cables used on the Consolidated 
Edison System. As there is uncertainty as 
to the thickness of aluminum sheath which 
might be found desirable, comparative 
values are shown in Table I for the two ma- 
terials, using standard lead thickness and 50 
per cent reduced thickness. The calculated 
loss values are approximate, being based on 
a modification of Dwight’s? formula for 
sheath losses of 3-conductor cables. 

It will be noted that the ratio of sheath 
losses for aluminum versus lead sheath of 
equal thickness is in all cases less than the 
ratio of conductivities assumed. The be- 
haviour characteristic of the resultant sheath 
loss is indicated more clearly, perhaps, by 
the curves of Figure 1 of this discussion 
which shows the variation of sheath loss 
ratio with sheath resistance for various 3- 
conductor cables. : 

In discussions of the effect on sheath loss 
of various metallic sheath constructions, the 
magnitude of the probable loss is sometimes 
taken, for approximate estimates, to be 


directly proportional to the conductivity o! 
the sheath circuit. Actually, the resyltant 
sheath current producing this loss is deter- 
mined by the resultant sheath voltage acting 
on the sheath impedance which involves the 
reactance of the sheath as well as its resist. 
ance. For either zero or infinite resistance 
the sheath loss will be zero. For intermedi 
ate values of resistance the loss ratio curve 
has the well-known characteristic shape 
shown in Figure 1. The maximum value o: 
sheath loss occurs when the sheath resistance 
and reactance are about equal. For practi 
cal purposes the sheath loss is a maximum 
when the sheath resistance is of the order o 
10 to 12 microhms/foot. If the sheath re 
sistance is appreciably above or below thi: 
value the sheath loss will be decreased 
Above the critical value the sheath resist 
ance is the controlling factor. Below the 
critical value, within practical limits, the 
sheath reactance is the controlling factor 
Generally speaking, for all 3-conductor leac 
sheath cables the sheath resistance is of thi 
order of 80 microhms/foot or more (at 6( 
cycles), and sheath reactance is of less con 
cern. In this case the proportionality o 
sheath loss to sheath conductivity holds 
However, when the lead sheath is replacec 
by aluminum or some other high conduc 
tivity material, this relation is no longe 
true and it is necessary to consider the char 
acteristics shown in Figure 1 for a clear un 
derstanding. 

In the case of multiconductor cables, thi 
sheath currents are relatively small in com 
parison with those of single-phase cables 
inasmuch as the sheath surrounds all of th 
conductors and the inductive effects of on 
conductor current are to a considerable ex 
tent neutralized by the effect of the othe 
conductor currents. With large conductor. 
and large currents the degree of neutraliza 
tion becomes less effective and the resultan 
sheath losses become appreciable in magni 
tude. 


A formula for the open-circuit sheath los 
of a 3-conductor cable was developed by 
Carter*. Arnold® bases his evaluation of thi 
sheath loss of multiconductor cables o1 
Carter’s formula. Dwight’s formula, men 
tioned previously, in connection with Figur: 
1, is also based on Carter’s. Dwight’s ex 
pression, which is in absolute units, can bi 
put in the form 


N=0 1 
eae (S/C)2% NR; \? a 
Sigh 14(*%) 

N=1 io) 

inn (@) 
s paee 
3 


It is more convenient to express this equa 
tion in terms of more practical cable engi 


Table |. Relative Sheath Loss on 3-Conductor Cables (60 Cycle Operation) 


<== 


Sheath Loss* 
Per Cent of Total Copper Loss (D-C) 


Size, Sheath Thickness 
Circular Voltage Standard 50 Per Cent 
Mils Type Class-Ky Lead Aluminum Lead Aluminum 
350,000......., Beltedourcon. tee Ie, ee 1.3. 
500,000........ Shielded... 4... OT ee a ee ae Geta 7 ae 7 aes oe 
800,000........ Shielded.......... 16 asses MoU Sa 20) 2, aaa 3:1 21 
1,000,000........ Shiclded ae ane Losin eae 10 1... 111588 2.0. eee 


* Based arbitrarily on conductor at 75°C and sheath at 60°C, 
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AIEE TRANSACTION: 


neering units as follows: 


N= 1 

Rs T Faas | las 
haa (S/C)2% 32.8VRs\2 
Re ee 
Ww 
N=1 


Nr 


(2) 


sin” 


where As = ratio of open-circuit sheath loss 
to total d-c copper loss 
Rs = sheath resistance in microhms/- 
foot 
Re = conductor resistance in mi- 
crohms/foot 
S = distance from conductor center 
to cable center, in inches 
C = mean sheath radius, in inches 
w = 2x X frequency (in cycles per 
second) 


As the value of S/C is generally close to 
0.5 or less, the series is rapidly convergent 
and it is, therefore, unnecessary to use more 
than the first two terms in both of which 
sin? Ni/3 has the value 3/4. Equation 2, 
therefore, may be simplified to 


BRs f (S\? 1 
PR, (2) ee i i 
ea pees 


(23) 
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For 60 cycle operation, equation 3 becomes 


* "Re V\C/ L1+0.00755Rs? 


S\4 1 
(<) [rsaonsralt 
C/ 1+0.0303Rs? 


For shielded types, S/C ranges from about 
0.48 to 0.52 for typical distribution feeder 
cable constructions. Values for belted con- 
structions will be somewhat lower. 

These equations are by no means rigid. 
In the development of Carter’s basic equa- 
tion simplifying assumptions are made as to 
the uniformity of current density in the 
conductor cross-section and effect of sheath 
thickness. When the proximity effect in the 
conductors is large it is possible that the 
formulas given over-estimate the sheath 
loss, as the resultant external magnetic field 
is reduced by the crowding of the currents 
towards each other. Arnold® has introduced 
empirical correction factors for  lead- 
sheathed cables, but test data on aluminum- 
sheathed cables are required to permit ac- 
curate evaluation for this type of construc- 
tion. 

It is believed that the data of Table I and 
Figure 1 represent approximate upper limits 
of possible sheath losses for aluminum- 
sheathed cables of the types listed. In the 
case of a 15-kv 3X800,000 circular mil 
cable, for which a lead sheath loss of ap- 
proximately 6 per cent is calculated, the 
resultant value is 29 per cent with an alumi- 
num sheath of the same thickness and 21 per 
cent for a sheath half as thick. For the 
same copper temperature limits, a resultant 
loss in current carrying capability of the 
order of 7 per cent is indicated. This loss in 
rating could be eliminated provided it is 
feasible to operate aluminum-sheathed 
cables at a copper temperature limit ap- 
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proximately 10 degrees higher than our 
present standard for lead-sheathed paper- 
insulated cables. Attained improvement in 
sheath performance would justify higher 
operating copper temperatures of the order 
required. For cables of smaller size the 
effect of aluminum sheath is of less concern. 
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Robert J. Wiseman (The Okonite Com- 
pany, Passaic, N. J.): Mr. Halperin and 
Mr. Betzer have written a very interesting 
paper on why lead sheaths have not given 
as long a life as expected and how the situa- 
tion is being remedied by the use of lead- 
alloy sheaths with improved methods of 
installation and the replacing of a metal 
binder for a paper binder in shielded multi- 
conductor cables. Tests carried out under 
the guidance of his company show that 
arsenical alloyed lead sheaths have desirable 
properties of good tensile strength, a high 
creep resistance and very good resistance to 
bending. However, I am wondering how 
they intend to take advantage of the higher 
hoop stress and lower creep for oil-filled 
cables and low-pressure gas-filled cables. 
For oil-filled cables, do they intend to (a) 
keep the same lead thicknesses but raise the 
internal pressure; (b) lengthen out the 
section lengths between feed points, or (c) 
reduce the sheath thickness? I would pre- 
fer “‘a’’. For low-pressure gas-filled cable, 
do they intend to (a) raise the permissible 
internal pressure or (b) reduce the sheath 
thickness? I would prefer ‘“‘a’’. 

We have a dummy manhole set-up in 
which we have been carrying out bending 
fatigue tests. We heat the cable to give a 
sheath temperature of 110 degrees Fahren- 
heit, use a 4-minute cycle and a 1/2-inch 
cable movement on each side of the joint. 
We are getting results comparable to those 
which Mr. Halperin is reporting. Like him 


CABLE SHEATH 


MANSON TAPE BEDDING -ONE HALF LAPPED LAYER 
SHEET LEAD REINFORCEMENT TAPERED TO DISTRIBUTI 


STRESS 


LONGITUDINAL . SEAM - SOLDERED 


FILLET TYPE WIPE - UNITING CABLE SHEATH SLEEVE AND 
TAPERED REINFORCEMENT 


JOINT SLEEVE 


and others we find that the sheath fails close 
to the end of the sleeve wipe, say within 1 
inch. Naturally, this raises a question as to 
how this can be overcome. It was recog- 
nized that actually the end of the sleeve acts 
as a fulcrum point for the flexing of the 
cable and,«therefore, we should eliminate 
this concentration of bending. Several 
methods such as servings or binders were 
proposed, but we also appreciated that we 
should have a strengthening of the sheath at 
the wipe and then tapering off as we went 
away from the wipe. This resulted in the 
use of a tapered lead sleeve which we call 
the ‘‘Garrison joint sleeve’. This is shown 
in Figure 2 of this discussion which describes 
parts of the joint. It can easily be put on 
when making the lead wipe. We like the 
fillet type of a wipe. Tests which we have 
made show the sleeve to function as ex- 
pected. Where a set-up without it, with an 
alloyed lead, has given 10,000 cycles to fail- 
ure, we have had 32,000 cycles without 
failure. Also we accentuated the stressing 
by using a 2-inch movement. In this case 
we obtained 2,927 cycles for a standard wipe 
and 7,717 cycles for the Garrison sleeve and 
failure occurred in the ‘‘S’’ bend of the cable. 
In both cases we have about three times the 
life when using the Garrison sleeve. We be- 
lieve that this well pays for itself in the im- 
proved cable operation. It can help in 
meeting an unsatisfactory installation con- 
dition where it may not be possible to widen 
and lengthen a manhole to get better train- 
ing of a cable. 


John F. Eckel (General Electric Company, 
Schenectady, N. Y.): Strictly from a 
metallurgical point of view, I am keenly 
interested in some of the results obtained by 
the authors of this paper. It is from a desire 
to find satisfying answers to some of the 
troublesome questions in the general prob- 
lem of lead sheath that I shall comment first 
on the repeated bending data of the authors 
and secondly upon an anomalous creep re- 
sult that they report. I shall refrain from 
any comments concerning the merits of 
different types of cable construction except 
as they may affect the bending life of the 
lead sheath. 

In any laboratory test to determine the 
bending life of lead (or any of its alloys) 
there are three fundamental variables that 
are operative provided the bending cycle is 
continuous with a simple harmonic type of 
motion. Of these, temperature and fre- 
quency are readily controlled. The third, 
maximum strain per cycle, is more elusive 
because of strain concentration factors re- 
sulting from the contour of the lead sample 


Halperin, Betzer—Lead-Alloy Sheaths for Underground Power Cable 431 


is 
<a 
Ww 
> 
c 
Ww 
a 
e 
2 
Ww 
oO 
4 
Ww 
a 
' 
a 
WwW 
Ww 
is 
oO 
& 
°o 
Ps 
<= 
Ls 


0 50 100 150 


under test. Perhaps bend tests on strips 
cut from sheath offer the best means for 
control of strain per cycle. Even this type 
of test may introduce uncertainties if there 
are irregularities in contour such as tape 
markings for example. Unless such strain 
concentrations are known and results ex- 
pressed accordingly, it is difficult to obtain 
a clear picture of the bending life of any 
sheath material. The authors have shown 
the existence and magnitude of strain con- 
centration at the joint wipe in their dummy 
manhole test by previous work. 

It is shown by the results in Table I of the 
paper, that the construction of the core has 
a marked influence on the bending life of 
arsenical alloys, as well as commercially pure 
lead. Since temperature and frequency 
were both fixed at constant values in these 
tests, the large difference between the bend- 
ing life of sheath on belted cable and shielded 
cable must be accounted for by a difference 
in the amount of strain per cycle. Or should 
we say that it should be accounted for by 
the effect of cable construction on strain 
concentration? It would be interesting to 
know if the authors have measurements that 
show how cable construction affects strain 
concentration in the dummy manhole test. 
If so, would not the bending life of sheath 
on belted cable fall on the same life versus 
strain curve as that of sheath on shielded 
cable? 

Considerable spread in strip bend data is 
indicated by the results plotted in the upper 
curve of Figure 2. Although I believe that 
the general form of this curve is correct, as 
drawn, it does not appear to give enough 
weight to the results obtained at the 1- 
minute cycle. Furthermore, the difference 
between the bending life at one cycle per 
minute and that at one cycle per ten min- 
utes appears to be too small. If we examine 
the nature of the testing equipment from 
which these results were obtained, we find 
that another variable may have been intro- 
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duced. Adjustable nuts are used to produce 
the desired strain in each test by their posi- 
tion with respect to an actuating yoke. 
This results in some lost motion in each cycle 
so that two rest periods are introduced per 
cycle, The duration of each rest period de- 
creases with increased strain per cycle and 
also increased frequency. These rest periods 
may be sufficiently long at the lower fre- 
quencies to permit some recovery before 
movement is again resumed thereby materi- 
ally increasing the bending life. This, I 
admit is pure conjecture since we know very 
little about the role of recovery in such a 
bending cycle. 

In discussing Figure 2 of the paper, the 
authors state that ‘the action within the 
structure of the metal is somewhat different 
in a strip of sheath when bent than it is ina 
sheath on a cable.’’ This statement is diffi- 
cult to comprehend. If all other variables 
are fixed at constant values, then strain per 
cycle is the common denominator of all 
laboratory tests. Perhaps reference is made 
to the possibility for recovery in the strip 
test I have just discussed. Or, the authors 
may have in mind the position of the neutral 
plane in each test with respect to the region 
of the lead sample subjected to maximum 
strain. One very real difference between 
bend tests on strip and cable samples is the 
tendency for wrinkles to form in the latter. 
This results in a gradual increase in the 
magnitude of strain per cycle during the 
test. Neither of these possibilities has any- 
thing to do with the behavior of the internal 
structure of the metal. Of course, if the 
alloy is in an unstable condition, straining 
may promote a reaction in the solid state 
and a change in internal structure would 
result. However, such a change would be 
controlled by the degree of unstability and 
the amount of strain necessary to promote 
the reaction, but not by the type of test. 
Perhaps the authors would like to elaborate 
on their statement I have quoted above. 
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There is another point I should like to 
emphasize in connection with repeated 
bending tests. What we measure as the 
bending life is actually the sum of two 
processes. The first is the time required to 
nucleate cracks and the second is the time 
required for crack propagation up to the 
point of failure. There has been little re- 
ported that would satisfactorily distinguish 
between these two processes. In the case of 
strip bend tests, the distance cracks must be 
propagated in one-half the thickness of the 
strip while in tests involving sheath on a 
cable, the crack must progress through the 
entire thickness of the lead. This difference 
in the fracturing mechanism may to some 
extent account for differences in test results. 
It may, however, be partially compensated 
for by the lower strain gradient through a 
sheath being tested on a cable. To separate 
these two processes and to evaluate each 
would materially increase our knowledge of 
the fracture of lead and its alloys. It is 
hoped that such information can be ob- 
tained. 

The authors have pointed out that in the 
higher temperature and stress range of test- 
ing, the arsenical alloys show a gradual in- 
crease in creep rate. This anomaly can be 
explained by a tendency toward self anneal- 
ing. However, there is another observation 
that should not be overlooked and which 
may be related. The authors state that over 
a period of time there is a decrease in hard- 
ness and in a previous paper (see reference 
3 of the paper) it was shown that there was 
an initial decrease in tensile strength with 
time. In other words, there is some aging. 
Is this aging related to the increasing creep 
rate observed under certain conditions? 
This is entirely possible because it is a well 
known metallurgical fact that some solid 
state reactions are very sluggish and do not 
occur at all unless induced to do so by de- 
formation of the alloy. This is another of 
the questions in the general problem of lead 
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sheath for which an answer would be wel- 
come. 

In conclusion, I should like to congratu- 
late the authors on their paper, another step 
toward a fuller understanding of the fracture 
of lead and its alloys. 


L. F. Hickernell and C. J. Snyder (Anaconda 
Wire and Cable Company, Hastings-on- 
Hudson)\N. Y.): Naturally, we are very 
pleased to see these data published which, in 
general, confirm and extend our investiga- 
tion (authors’ reference 3). To discuss com- 
pletely this paper would exceed the limita- 
tions placed upon discussion. Since we have 
a second paper in preparation, we will con- 
fine our discussion at this time to one char- 
acteristic; namely, creep. In doing so, 
perhaps we should point out that our data 
apply to F-3 lead alloy as manufactured by 
us, whereas the authors’ paper covers six 
arsenical alloys produced by as many manu- 
facturers. 

In 1946, we suggested a working stress of 
200 pounds per square inch. This limitation 
was imposed due to the lower strength of the 
sheathing at lead-press stops. In the mean- 
time, this condition has been improved by 
refinements in the extrusion process. Ac- 
cordingly, we now recommend 250 pounds 
per square inch for F-3 alloy as contrasted 
with 175 pounds per square inch for ‘‘arseni- 
cal lead” alloy as established by Association 
of Edison Illuminating Companies for oil- 
filled cable (authors’ reference 7). 

The limiting hoop stress of 175 pounds per 
square inch is based upon a total creep of 
5.5 per cent in 40 years at 50 degrees centi- 
grade; or 0.1375 per cent per year. Accept- 
ing these criteria for purposes of discussion, 
Figure 3 of this discussion shows a compari- 
son of the creep data presented in Figure 3 
of the paper with that obtained in our 
laboratories. 

The authors’ data were obtained on strips 
(American Society for Testing Materials 
dumbbell specimens) which to prepare re- 
quire a certain amount of cold-working of 
the metal; that is, flattening the original 
round sheath, cutting to size, and machin- 
ing a reduced section. 

Our data were obtained on tubes prepared 
by removing the insulated core from the 
finished cable. These tubes, 15-inch long, 
were sealed on both ends with individually- 
fitted compression clamps. With this 
method of preparation, the metal was not 
subjected to cold-working. The tubes were 
filled with cable oil, enclosed in a constant- 
temperature cabinet at 110 degrees Fahren- 
heit (48 degrees centigrade), and connected 
to a reservoir maintained at 35 pounds 
gauge pressure. Creep was measured by 
SR-4 (modified type A) strain gauges, 81/s- 
inches long by 1/8-inch wide, cemented 
around the circumference of the tube near 
the middle (see Figure 4 of this discussion ). 

We have conducted tests on strips re- 
moved from cable sheaths and found the 
results were more erratic than with tubes, 
especially during the first 1,000 hours or so. 
The more erratic results on strips are pos- 
sibly caused by straightening of the strips 
when first placed under load together with a 
variable amount of strain hardening de- 
pending on the grain structure of the indi- 
Vidual specimen. Possibly this accounts for 
the authors’ preference to measure creep 
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between 1,000 and 2,000 hours; that is, dis- 
counting the creep during the first 1,000 
hours. Accordingly, we prefer to evaluate 
creep on a tube specimen because we believe 
the results are more indicative of the form 
in which the material is manufactured and 
used in service, 

In Figure 3 of this discussion, the creep 
rate of tubes is based upon a test of 2 years 
(17,250 hours). The rate is determined by 
the total extension divided by the total 
time, without allowing for any initial exten- 
sion (that is, including the first 1,000 hours). 
The stress is determined from the relation: 

PD 


S= 


S = tensile stress, 
inch 

P = pressure, pounds gauge 

D = inside diameter, inches 

t = average wall thickness, inches 


pounds per square 


Referring to Figure 3 of this discussion: 
From strip tests, the authors’ data show 197 
pounds per square inch required to obtain 
5.5 per cent total (0.1875 per cent per year) 
expansion at 43 degrees centigrade. This 
value is reduced to 175 pounds per square 
inch to convert to 50 degrees centigrade and 
“to allow for the decrease in rates of creep 
which occurs with time”’ 

From tube tests, our data show 303 
pounds per square inch is required for the 
same criteria. In reducing this test value to 
a recommended working stress of 250 pounds 
per square inch, we believe we are equally 
conservative. 

In conclusion, we wish to point out that in 
over 7 years of test, no tubes of F-3 alloy 
sheathing have burst at stresses below 1,000 
pounds per square inch at room tempera- 
ture, even though approaching 5 per cent 
expansion. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): Apparently, Chi 
cago, New York, Boston, Philadelphia and 
others have had trouble with cable sheath 
breaking in manholes due to thermal expan 
sion and contraction. For such conditions, 
arsenical lead sheath seems to be a better 


Figure 4. Tube 

specimen and appa- 

ratus for creep meas- 
urements 


Left—Tube  speci- 
men with — strain 
gauge attached 
Right —- Apparatus 
for creep measure- 
ment 


proposition than commercially pure lead, 

In Detroit we have not had much trouble 
from this source. This may be because we 
had ample training space in our manholes, 
less loading on our cables, or both. About 
20 years ago, we enlarged a number of our 
manholes and this may have helped condi 
tions. Within the last ten years we reduced 
the width of our manholes somewhat. Ac- 
cording to a chart presented in a recent 
AIEE Paper,' with the new dimensions we 
are on the borderline of being in trouble 
with our present manhole design. The chart 
indicates less than 20 years sheath life at the 
present loading and for this reason we are 
definitely interested in the development of 
higher strength lead sheath. At the present 
time we cannot justify premium on arsenical 
lead sheath on a more or less theoretical 
basis. 

In Detroit we have always used asbestos 
tape fireproofing which is flexible and does 
not restrain the cable the way cement fire- 
proofing does. We are wondering if the 
type of fireproofing has anything to do with 
our record. Flexible fireproofing does help 
to reduce the sheath strain, according to 
Clement S. Schifreen.? 

With the present commercially pure lead 
cable sheath and joint sleeve, the joint 
seems to be the weak link in a cable line, its 
life around 20 years or so on our system. If 
we use the higher strength alloy sheath for 
cable, something must be done for the joint 
sleeve, otherwise its life will decrease. 
Logically, the same material used in the 
cable sheath is desirable in the joint sleeve, 
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Edwin J. Merrell (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The authors for many years have encour- 
aged the development of improved lead 


sheath for power cables and in this paper 
have made an excellent summary of the 
alloy sheath. I would like to 


status of 
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highlight some points touched upon which 
seem quite pertinent to me, particularly 
with reference to the arsenic-alloy sheath. 

The purpose of alloy sheath is two-fold: 
To increase flex-life, and to reduce creep. 

As the authors have pointed out, the 
arsenic alloys double or treble flex-life per 
se. But there is another factor which they 
mentioned and which I think deserves equal 
consideration and should be made a stand- 
ard construction; that is, the use of a paper 
tape bedding or binder directly under the 
sheath, instead of the metal binder tape 
usually employed on 3-conductor cable. 

Creep characteristics of arsenic alloys are 
a funetion of the heat treatment at the lead 
press. In general, this factor has been 
brought under reasonably close control by 
accumulation of ‘“‘know-how”’, together with 
improved techniques. However, the region 
of press stops probably will always remain a 
weak link with respect to creep for cable 
designs operating under high internal pres- 
sure. The only sure way to stabilize this 
region is to apply sheath reinforcement. 
We have found a polyethylene jacket very 
efficient in this respect in tests made at both 
room temperature and at 52 degrees centi- 
grade. Thus creep tests on copper-bearing 
sheath which are still in progress up to 1,000 
pounds per square inch hoop stress exhibit 
an increase in life-to-burst of at least 20 to 
50 times, with comparable results on arsenic- 
alloy sheath in tests which have logged more 
than 20,000 hours. 

We should all understand and fully appre- 
ciate the fact that the arsenic alloys have 
about half the elongation to fracture which 
is the characteristic of copper-bearing lead. 
Any thoughts along the line of reducing 
permissible manhole bending radii, such as 
voiced by the authors, should bear this fact 
in mind. Bending to a radius of ten times 
the cable diameter strains the sheath about 
5 per cent, which is not critical. However, 
should the bend not be a uniform curve, but 
instead be a series of angles, a strain of as 
much as 40 per cent can be developed 
locally, which while undesirable for copper- 
bearing sheath, unfortunately is greater 
than that often characteristic of arsenic- 
alloy sheaths under rapid strain. The result 
can be a sheath crack in the field during ini- 
tial training. 

Incidentally, this matter of elongation 
necessarily will require consideration in the 
application of aluminum sheath, as even 
annealed aluminum sheath presently con- 
templated exhibits elongation of about 25 
per cent to fracture. From the standpoint 
of manufacturing, the alloy leads, as pres- 
ently constituted, require operation at the 
maximum design pressure of the lead 
presses. This entails considerably more 
maintenance; also, despite employing maxi- 
mum pressures the extrusion rates are lower 
than that customarily obtained on copper- 
bearing lead. 


Herman Halperin and C. E. Betzer: The 
authors appreciate the contributions of the 
discussers, most of whom have had an active 
part in the development of the arsenical-lead 
alloys for use as cable sheathing. 

Mr. Atkinson has assisted in replying to 
Mr. Short’s question about the advantages 
of these alloys in withstanding vibration. 
Also, Figure 12 of the paper by Hickernell 
and Snyder (reference 3 of the paper) 


showed a marked superiority of the F-3 
alloy in ability to withstand vibration. Mr. 
Short gives no details of the “accelerated 
vibration tests” that he uses as the basis for 
his report; if they were like some that have 
come to our attention, then they are open to 
question because the tests were so greatly 
different from service conditions that fail- 
ures were obtained in about one day or 
less. 

Mr. Burrell has very thoroughly shown 
the magnitude of the losses that would be 
present in aluminum sheath on various 3- 
conductor cables which helps to answer 
another question from Mr. Short. These 
losses could be reduced perhaps as low as the 
losses in lead sheath by the use of aluminum 
alloys that have high electrical resistance, 
but the methods that have been developed 
to produce aluminum sheath on cable have 
not been successfully demonstrated with 
such alloys. Mr. Short is correct that when 
a corrosion-protection jacket is required for 
lead-covered underground cable, then the 
necessity of such a jacket when using an 
aluminum-sheathed cable becomes no dis- 
advantage; however, it should be noted 
that only a small fraction of the lead- 
sheathed cables in this country require 
jackets. Some other disadvantages of 
aluminum sheaths are its high coefficient of 
thermal expansion and the necessity to keep 
bending radii very large which would re- 
quire large reels and extra large manholes 
for a conduit system. The further develop- 
ments of aluminum sheaths will continue to 
be watched with interest. 

In reply to another question by Mr. Short, 
the lead-alloy sheathing should prove ad- 
vantageous in withstanding the pressures in 
low- and medium-pressure, gas-filled cable 
without covering over the sheath. The 
advantages would be to permit greater 
pressures without the added cost of reinforc- 
ing coverings. This applies to such cable 
which is installed in conduit. 

Mr. Short emphasizes a point in the intro- 
duction of our paper, namely, that lead 
sheaths have some short-comings and an 
improved sheathing material is needed. 
The operating experiences with lead-covered 
cable plus the presented information on 
arsenical-lead-alloy sheaths show that such 
alloy sheaths can ‘‘sustain the modern cable 
under contemporary loading practice’”’ for 
the expected life of about 40 years. Of 
course, some trouble due to mechanical 
injury, corrosion, and other external causes 
can be expected with any kind of sheath. 

We agree with Dr. Wiseman in his prefer- 
ence for retaining about the same thick- 
nesses for alloy sheath as for lead sheath on 
oil-filled and gas-filled cables and using the 
advantages of higher permissible internal 
pressures and better life in bending with 
higher-ampere loading. 

Dr. Wiseman shows an interesting device 
to strengthen the sheath adjacent to the 
joint which the authors want to try. The 
cracking of the sheaths in the manholes in 
service is not, however, nearly so concen- 
trated adjacent to the joints as it is in the 
dummy-manhole tests. In fact, a consider- 
able number of cracks are developing far 
back in the ducts on long lengths of cable, 
as well as in the bends in the manholes. To 
decrease the bending adjacent to the joint 
wipe, by use of such reinforcing will in- 


crease the action at other locations and - 


might necessitate larger manholes to ac- 
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commodate the joints which are thus length- 
ened. i) 

As suggested by Dr. Eckel, the relation 
between strain at the point at which the 
sheath fractures and life to fracture is prob- 
ably the same for sheath on either belted or 
shielded cable. On cable containing metal 
shielding tapes, the strain for given cable 
movement is increased over the edges of 
such tapes so that the life of the sheath for 
given load cycles is less than that for sheath 
on belted cable. 

In the bend tests of strips, the motion was 
in 70-second cycles which contained a brief 
pause at each end of the stroke. The effect 
of these pauses on the results of the tests is 
not known, but will be investigated. 

In reply to Dr. Eckel’s question, the dif- 
ference in bending action on strips and on 
sheath on cable that is mentioned in the 
paper is the difference in neutral planes 
about which the action takes place. Tests 
have been made on the same material in 
strips and in cable sheath samples, and the 
results for equal strains by the two methods 
were found to be not directly comparable. 

The phenomenon of the creep rates for 
the alloys to increase with the duration of 
the tests at the higher stresses and tempera- 
tures did not appear to be due to aging. 
The increasing rates occurred rather gener- 
ally at 300 pounds per square inch and 150 
degrees Fahrenheit and occasionally at 200 
pounds per square inch and 150 degrees 
Fahrenheit. Decreasing creep rates in the 
later periods of a given test were generally 
indicated at 150 pounds per square inch and 
150 degrees Fahrenheit, and at all three 
stresses at 110 degrees. The aging for these 
various conditions was the same. 

Messrs. Hickernell and Snyder show con- 
siderably greater resistance to creep for 
their F-3 lead alloy than is indicated in our 
average data. It does not appear probable 
to us that this difference in results is due 
primarily to the difference between strip 
specimens and tubes. In some cases, paral- 
lel tests have been made at the University 
of Illinois on the same material on 6-foot 
samples of cable with internal pressure pro- 
ducing about 300 pounds per square inch 
hoop stress and on strip specimens with the 
same tensile stress. As stated in the paper, 
the rates of creep for the cylindrical sheaths 
were in some cases slightly less than those 
for the strip specimens, but the difference 
was slight and in some cases the reverse was 
true in the tests at 150 degrees. (See Figures 
10 and 11 of reference 7 of the paper.) Rates 
of creep measured at various locations along 
the 6-foot samples of cylindrical sheath were 
as variable as those for strips. Measure- 
ments made within six inches of sealed ends 
gave relatively low creep rates in many 
cases. We wonder whether their tests on 
15-inch samples are partly due to the use of 
SR-4 strain gauges which we consider rather 
unsuitable for this type of test. It is possible 
that later we will recommend a higher ten- 
sile limit than 175 pounds per square inch 
for arsenical-lead alloy, especially in view of 
the progress being made in controlling the 
uniformity of such sheaths. 

As stated by Mr. Komives, stronger 
sheath on solid-type cable in which the pres- 
sures are not controlled will develop higher 
internal pressures when the cable is heated. 
Such pressures might require that the joint 
sleeves be strengthened. Two-piece lead 
sleeves with a solder wipe at the middle are 
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being used in Chicago on 12-ky joints. It 
is believed that arsenical-lead alloy sleeves 
would be better. 

_In reply to Mr. Komives, it does not ap- 
pear to us that the difference in rates of 
sheath cracks in Chicago and in Detroit is 
due to a difference in fireproof covering on 
the cables in the manholes. For the last 
three years, the fireproofing used in Chicago 
has consisted of asbestos tape. Before that, 
a soft cement was used over a layer of asbes- 
tos tape, Tests have indicated that neither 
of these coverings has an appreciable effect 
on the life to fracture of the sheath. 
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Regarding Mr. Komives’ remarks on not 
having much trouble with cracking of cable 
sheaths in manholes, a number of years of 
operation at increased loading is required 
before sheath cracking in manholes (and in 
ducts) appears. Studies made by various 
utilities have developed considerable back- 
ground data to enable one to forecast the 
life of commercially-pure lead sheaths in 
manholes, and such studies frequently indi- 
cate a life to cracking with common operat- 
ing conditions of only 10 to 20 years. (The 
authors know of one utility where numerous 
cracks recently occurred on one line, having 
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copper-bearing lead sheaths and small off- 
sets in the manhole, after only about five 
years of service. ) 

American manufacturers now have avail- 
able lead alloys and well-developed means of 
applying them which at least triple the life 
of the sheath in service, thereby giving a 
balanced cable design for long service, and 
the additional cost of a few per cent for using 
these alloys is usually only a small fraction 
of the economic gain to the users. This is 
particularly true in order to obtain economic 
utilization of the larger underground cables 
through increased loading. 


Aging of Class-B Insulating Material 
in Nitrogen 


H. C. STEWART 
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ERY little data have been published 

on thermal performance of class-B 
insulation since the creation of the defi- 
nitions for such materials and the estab- 
lishment of their permissible operating 
temperatures as set forth in the stand- 
ards.''?_ Definitions of such materials 
are very loose, and the long established 
rules for operating 
vague. 

By way of review, class-B insulation 
materials are defined as aggregates of in- 
organic materials, such as mica, glass, or 
asbestos bonded with organic resin. The 
resins used in class-B materials, although 
they are heat resisting, are class A by 
definition. Nevertheless, such resins are 
utilized to give both mechanical and 
electrical properties to composite class-B 
insulation. In contact with inorganic 
materials, they apparently withstand 
higher temperatures than when in con- 
tact with cellulose, but it is this essential 
organic bonding material which deterio- 
rates with time and temperature. 


temperatures are 


Previous Work on Aging of 
Insulation 


Many years of tedious study on class-A 
materials under oil have given answers as 
to life and laws of aging that are roughly 
confirmed by operating experience. The 
approach with class-A materials* was 
through measured degradation of some 
mechanical property, usually tensile 
strength. No such background existed 
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A method of deter- 
mining the probable life of various mate- 
rials of this class was described by the 
authors.4 It was shown that the dielec- 
tric strength decreased progressively and 
consistently with time and temperature 
and, hence, results obtained at high tem- 
peratures in short time could be extra- 
polated to low temperatures, and the gov- 
erning laws, life versus time, determined 
much as with class-A materials.’ 


on class-B materials. 


Since 
change in dielectric strength is even more 
important fundamentally than change in 
mechanical strength, this method has 
been employed for the further study of the 
aging of class-B material in nitrogen gas. 


New Work on Aging of Class-B 
Insulation 


Data are presented here on insulation, 
aged in nitrogen, subjected to tempera- 
tures in excess of presently established 
operating levels. From these data, ex- 
trapolation can be made to indicate antici- 
pated life at any chosen operating tem- 
perature. The results shown here in- 
dicate the maximum life which can be 
expected from insulations when main- 
tained continuously at a given tempera- 
ture. In these tests, as with oil-sealed 
apparatus, there was no possibility of 
contamination by dirt or moisture ab- 
sorption. 


Materials Investigated 


Commercial grade of asbestos sheets 
Thickness—15 mils 
Impregnant—Temperature resisting 

phenolic resin 
Cooling medium—Nitrogen 
pounds gauge pressure. 


at 5% 
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Fiber Glass Yarn 


Thickness—20 mils 

Impregnant—Temperature resisting 
phenolic resin 

Cooling medium—Nitrogen at 5 
pounds gauge pressure. 


These materials are representative of 
some of the class-B insulation used as 
winding material, insulating barriers, and 
cylinders in electric equipment. The 
curing time and temperature for test 
pieces are those recommended by the 
manufacturer for curing the heat-resisting 
phenolic resin used. The test pieces then 
were subjected to final life test. 


Testing Technique 


The samples were tested in a gas 
chamber as shown in Figures 1 and 2. 
Reference should be made to the previous 
paper‘ for details of sample preparation 
and complete testing procedure and 
measurement technique. Insulated elec- 
trodes leading from the gas chamber al- 
low the application of current for supply- 
ing internal heat, and permit temperature 
measurements and dielectric test at 
operating temperatures. The gas pres- 
sure was maintained at 5 pounds gauge to 
insure the purity of the nitrogen gas by 
preventing the entrance of contaminants 
into the gas chamber. 


Criterion of Life of Insulation 
Operated in a Gas 


As formerly proposed,‘ the end of ex- 
pected life of insulation when operated in 
a gas medium can be considered as 
reached when its final hot dielectric 
strength has decreased to 50 per cent of 
the initial value with a given temperature 
maintained. This is an entirely arbitrary 
selection but may well represent the end 
of life when the more severe operating 
conditions such as lightning, switching 
surges, and short circuit are considered 
in electric equipment. 


Results 


The solid-line graph shown in Figure 3 
gives the life characteristics of impreg- 
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Figure 1. Chamber for testing insulation pieces in nitrogen 


Figure 2. Chamber for testing insulation pieces in nitrogen 
(cover removed) 


Figure 3 (right). Life characteristics—asbestos sheets 


nated asbestos sheets aged in nitrogen 
gas. It is to be noted that this graph is 
plotted with the hours to breakdown on 
the logarithmic vertical axis, but that the 
average insuJation temperature is plotted 
on the uniform horizontal axis with an 
evenly divided scale. For a convenient 
reference, the aging of samples of the 
same material in air is shown in Figure 3 
as the dotted line at the left of the 
graph.‘ The results of these data are of 
great interest and show that class-B in- 
sulation operated in nitrogen gas can give 
comparable life at considerably higher 
temperature than is permissible for such 
material in air. 

Tests are incomplete but life charac- 
teristics of impregnated glass yarn seem to 
follow the same pattern as the tests on 
asbestos. In other words, much longer 
life can be expected of glass yarn aged in 
nitrogen. As was to be expected where 
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resin is the dominating factor, higher ini- 
tial dielectric strengths were obtained in 
nitrogen. This is no doubt due to slower 
oxidation and the exclusion of moisture 
and other contaminants. 


Conclusions 


1. The method of evaluating the life 
characteristics of class-B material operat- 
ing in nitrogen yields results consistent 
with the data formerly obtained on such 
materials in air. 

2. The so-called ‘‘degree rule’ (de- 
grees increase in temperature to reduce 
life 50 per cent) for asbestos aged in nitro- 
gen is approximately 10 degrees centi- 
grade in the temperature range investi- 
gated. 

3. The data indicate that class-B ma- 
terials operated in nitrogen can be safely 
operated at the 180 degrees centigrade 
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temperature now assigned to class-H ma- 
terials. This is very important since it 
permits the building of completely sealed 
electrical equipment with the less ex- 
pensive class-B material in place of class- 
H material. 

4. These data would indicate a need 
for recognition in standards of the in- 
fluence of the surrounding medium on the 
life of the present class-B insulations. 
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Discussion 


T. R. Walters (General Electric Company, 
Pittsfield, Mass.): The authors again have 
added substantially to the available techni- 
cal data on aging characteristics of class-B 
insulations. Their conclusion (3) that ‘“The 
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data indicate that class-B materials oper- 
ated in nitrogen can be safely operated at 
the 180 degrees centigrade temperature now 
assigned to class-H materials’ is a very 
important one, and one which opens up a 
new field of application for class-B insula- 
tion. 

Life testing of class-A insulations has been 
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admittedly very time-consuming and ardu- 
ous, but data obtained in this series of tests 
points the way to much more rapid and ac- 
curate evaluation of the life of class-B 
materials. In view of the importance of 
this class of insulation to the whole electrical 
industry, it is essential that this type of 
study be intensified so that the full possibili- 
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ties of class-B insulation can be realized. 
T. W. Dakin, in a 1948 paper,} implied the 
advantage of operation in an inert atmos- 
phere when he pointed out that, along with 
other factors, the presence or absence of an 
oxidizing atmosphere would have an effect 
on the chemical changes which take place in 
an insulation, and then mentioned that the 
most common form of deterioration is slow 
oxidation. The authors of this paper have 
put some essential numbers on this factor. 
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E. L. Brancato (Naval Research Laboratory, 
Washington, D.C.): The authors have pro- 
vided useful aging data for class-B insula- 
tion where the insulation is employed on 
equipment subject to lightning surges. 
However, the aging curves, Figure 3 of the 
paper, would not be applicable to electric 
equipment where failures result from physi- 
cal disintegration of the insulation. 

Class-B insulation consists of an inor- 
ganic material held in place by an organic 
binder. Because the ratio of the dielectric 
constants of the two materials vary from 
one-fifth to one-half (where the lower di- 
electric constant is associated with the or- 
ganic binder) the dielectric test places the 
greater stress on the class-A binder. But 
even assuming equal distribution of stresses 
on the inorganic and organic components of 
the insulation, a finite reduction in the 
dielectric constant is an index of chemical 
change and not of the mechanical deteriora- 
tion of the binder, 

For electric equipment not subject to 
arge electric surges, the ultimate criterion 
is mechanical failure. It is appreciated 
that class-B insulation does not lend itself 
o the direct measure of mechanical deteri- 
oration as for class-A insulation, because the 
inorganic components do not rupture at the 
aging temperatures employed. However, 
1umidity can be used as a searching agent of 
rupture. The penetration of the aqueous 
film through the insulation can be sensed by 
the flow of current between the insulated 
conductor and ground resulting from the 
application of a moderate voltage between 
conductor and ground. 


W. W. Satterlee (Westinghouse Electric 
Corporation, Sharon, Pa.): The authors 
are to be complimented on their presenta- 
tion of a subject which is important, but not 
new, since it has been known for a long time 
that organic insulating materials may be 
operated at higher temperatures in an inert 
gas such as nitrogen with less deterioration 
than in air. For instance, the mechanical 
and the dielectric life of the materials used 
in liquid immersed transformers are greatly 
improved when protected with an atmos- 
phere of nitrogen instead of air. 

The paper makes reference to the use of 
class-A resins as bonds of class- B insulating 
materials and states that the resins are used 
to give both mechanical and electrical 
strength to the composite class- B insulation. 
This also is true of most composite class- H 
materials because few inorganic substances 


438 


can be used satisfactorily as bonds. The 
apparent ability of class-A resins to with- 
stand higher temperatures in contact with 
inorganic materials than when in contact 
with cellulose is likely due, at least in part, 
to the reduced amount of mechanical break- 
down of the inorganic materials at the 
higher temperature. 

While it may be true that relatively little 
information exists as to the life and laws of 
the aging of composite class-B materials, 
such information does exist on the binders, 
class-A substances, commonly used in class- 
B insulating materials. It seems question- 
able that an arbitrary change in the hot di- 
electric strength of class-A bonds as an end 
point of the expected life of the composite 
insulation is more important fundamentally 
than a change in mechanical strength. 
After all, class-B and even class-H in- 
sulating materials normally are used in 
electric apparatus whose major insulation 
is air and whose dielectric strength is 
largely, if not wholly, limited to the atmos- 
phere in which it is expected to operate. 

Much laboratory work on class-B and 
class- H insulating materials combined with 
the operation of hundreds of large dry-type 
transformers during the last 14 years, indi- 
cates that the criteria of long operating life 
may well be the mechanical strength of their 
insulating structures, with the dielectric 
strength depending on nothing more than 
the gas space separation in their winding 
structures. 

Since the writer was responsible for the 
development of a line of large sealed dry- 
type transformers in 1942, and since nearly 
100 of these transformers have been built 
with both class-B and class-H insulation 
structures and to operate filled with nitro- 
gen, I can agree largely with the conclusions 
of the authors as to the value of excluding 
air, 

However, it must be borne in mind that if 
the increased life of the insulation in the ap- 
paratus operating at the higher tempera- 
tures is dependent upon the nitrogen atmos- 
phere, then this atmosphere must be main- 
tained continuously. Also, if the data given 
in the paper would indicate a need for 
recognition in standards of the influence of 
the surrounding medium on the life of class- 
B insulations, so is there a need for similar 
recognition on the life of class- H insulating 
materials. 


M. L. Manning (Pennsylvania Transformer 
Company, Canonsburg, Pa.): This paper 
presents data for tests made in nitrogen 
atmosphere on 15-mil commercial-grade 
asbestos sheets and on 20-mil fiber glass 
impregnated with phenolic resin. In the 
conclusions, the authors state that the data 
for tests indicate class-B imaterials oper- 
ated in nitrogen can be operated safely at the 
180 degrees centigrade temperature now 
assigned to class- H materials and that this 
is very important, since it permits the build- 
ing of completely sealed electric equipment 
with the less expensive class-B material in 
place of class- H material. Three questions 
arise in reviewing the paper from the stand- 
point of applying these ideas coricerning 


materials to transformers of sealed con- 
struction: 


1. What percentage of phenolic resin was 
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used compared with the base sheet thick- 
ness of asbestos and of fiber glass sheets? In 
other words, was the evaluation made 
mainly on phenolic resin or on fiber glass and 
asbestos materials? 

2. Have the composite insulating ma- 
terials of a transformer, such as wire cover- 
ing, barriers, laminates, and impregnating 
varnish, been evaluated? The final evalua- 
tion of insulating materials comes about in 
the complete insulation structure of a trans- 
former, where these materials are subjected 
to varied conditions for voltage creep and 
puncture and thermal requirements. It 
would be helpful to know if these conditions 
have been considered. 

3. The third question concerns relia- 
bility. If nitrogen leakage occurs, the ad- 
vantages outlined in the paper become 
questionable. We know that class-  insu- 
lation compared with class- B insulation has 
at least three outstanding advantages under 
different atmospheric conditions: 


1. Moisture repellency 
2. Heat stability at elevated temperatures 
3. High thermal conductivity 


In service, the possibility exists that nitro- 
gen in some manner might escape subjecting 
the class- B insulation ultimately to atmos-_ 
pheric conditions. Has consideration been 
given to the problem of nitrogen leakage and 
its replacement by air? 


H. C. Stewart and: L. C. Whitman: Mr. 
M. L. Manning raises various questions con- 
cerning application of some of the ideas in 
this paper to transformers of sealed con- 
struction. 

The amount of phenolic resin used in con- 
junction with the asbestos was approxi- 
mately 40 per cent by weight of the total 
insulation. In the case of fiber glass, the 
percentage was approximately 20 per cent. 
Aging and temperature-resistance charac- 
teristics of an insulation are affected by the 
base material as well as the impregnant. 
This is obvious when it is realized that this 
is the basic difference between class-A and 
class-B materials. Thus, while the per- 
centage of resin is a factor both in initial 
strength and life characteristics, the aging 
of a combination of base material and resin 
can be determined only by testing the com- 
bination, not by evaluation of the resin 
only, as Mr. Manning suggests. 

The fiber glass-resin combination tested 
represents one generally used for wire cover- 
ing. The asbestos-resin combination repre- 
sents cylinders and some forms of barriers or 
laminations. The basic forms of dry-type 
insulation therefore were represented. The 
tests were made with dielectric puncture as 
the criterion. However, creepage also was 
present, and if there had been dangerous 
deterioration of this characteristic, it would 
have made itself known through failure by 
this means instead of by puncture. 

Thermally, the temperatures considered 
were given as the average temperature of 
the insulation. The insulation tested was 
subjected to normal temperature gradients 
by virtue of heating the mandrel upon which 
the sample of insulation was wound. This 
gave the effect of normal temperature drop 
through the insulation as in a transformer, 
which is more representative than main-— 
taining the entire insulation sample at the 


AIEE TRANSACTIONS 


« 


1951, VoLumr 70 


same temperature, which would have been 
the case in oven tests. 

Sealed dry-type transformers basically 
require a high quality of sealing. This is 
necessary not ony to maintain purity of 
filling medium, but also as regards the ex- 
clusion of moisture. In liquid-filled trans- 
formers, it is well known that either free 
breathing or complete sealing is required 
and that a middle ground is hazardous in 
that maj ture will be accumulated with each 
Be certiie cycle and only a small percent- 
age will be expelled. The basic reasons for 
sealing dry-type transformers are to elimi- 
nate the dirt and moisture problems associ- 
ated with open dry-type units. Hence, any 
small differences in moisture-repellency 
characteristics, even if established, are 
unimportant. 

It is believed that the really tremendous 
temperatures to which the class-B insula- 
tions were subjected establishes their heat 
stability when operated in nitrogen. The 
margin at 180 degrees centigrade appears to 
be very adequate. 

In regard to thermal conductivity, we 
would point out that the base material in 
either class H or class B are the same. 
The thermal conductivities hence will be of 
the same order of magnitude. Also, in 
sealed dry-type transformers, the rise of the 
coils over the gas insulating medium is only 
about half that of open units, since in sealed 
dry-type transformers major thermal drops 
also exist between the gas and the tank, as 
well as between the tank and the outside 
ambient. Radial gradients in windings of 
natural draft transformers also are small 
compared to air film drop, so the net result 
is that even large differences in resin conduc- 
tivity will result in very minor over-all 
improvement in thermal characteristics. 

Mr. T. R. Walters is particularly quali- 
fied to speak on class-B materials, as, he 
directed the development of the class-B 


material originally named Terratex, which 


was described by him in 1948,! and is now 
commercially available under the name 
Quinterra. 

The reference to Mr. T. W. Dakin’s paper 
(see Mr. Walters’s discussion of the present 
paper) brings out the point that operating 
insulation in nitrogen practically eliminates 
the chemical deterioration caused by oxida- 
tion, which Mr. Dakin lists as the most com- 
mon form of deterioration. The eventual 
decrease in electrical strength then must be 
chemically explained by evaporation of 
some of the constituents or else by purely 
thermal or internally catalyzed depoly- 
merization of portions of the insulation. 
These chemical actions proceed at a slower 
rate than oxidation at any given tempera- 
ture, which would logically explain the very 
considerable advantage of a _ nitrogen 
medium. 

We are in full agreement that further 
intense study is needed to extend the under- 


standing and economical application of 
class- B insulation to electric equipment. 

Mr. E. L. Brancato points out that the 
criterion used in these tests was electrical 
rather than mechanical. It thus may be 
desirable to check the physical strength of 
the insulation for applications, such as 
motors, when there may be severe and con- 
tinued vibrations of considerable magni- 
tude. The authors would like to point out, 
however, that even in the case of the highest 
temperatures used, the insulations had a 
remarkable percentage of mechanical 
strength remaining as determined from 
visual examination and flexing. 

The suggestion was made that a larger 
dielectric stress was placed on the class A 
binder than on the inorganic portions be- 
cause of the lesser dielectric constant of the 
class A binder. This would be true if the 
binder were in layers with the inorganic 
material between, for example, in a surface 
coat only. However, in the given case, the 
materials were vacuum-impregnated, mak- 
ing the binder an integral part of the insula- 
tion. In effect, this places the binder in 
parallel with the inorganic base. Thus, all 
components are under essentially equal 
dielectric stress irrespective of dielectric 
constant. No measurements of dielectric 
constant were made during the tests; dielec- 
tric strength only was used as a criterion. 

Mention is made of the use of humidifica- 
tion followed by a moderate voltage to 
search out cracks or regions of rupture. 
The authors believe that the application of a 
voltage large enough to break down the gas 
film remaining in any void is to be preferred. 
No reliance on capillary action or time delay 
is necessary when this method is used. The 
50 per cent of initial breakdown voltage used 
insured that any crack would be searched 
out and a failure established. If the criterion 
had been reduced to 25 per cent of initial 
breakdown voltage, there might have been a 
question of voltage sufficient to break down 
the gap. However, even in this case, the 
situation has its own automatic warning, 
since no breakdowns would be obtained and 
tests would give no data. The requirement 
of humidification also has the drawback of 
requiring tests to be made at or near room 
temperature and not at operating tempera- 
ture, where dielectric strength is almost in- 
variably less. 

Mr. W. W. Satterlee points out that it has 
been known for some time that organic 
insulating materials will deteriorate less in 
nitrogen than in air. The facts that the 
authors have brought out are that, first, 
this is true not only for organic materials, 
but for combinations of organic with inor- 
ganic, that is, class-B materials; and, 
secondly, some quantitative data have been 
presented allowing some practical applica- 
tion of this idea. 

It is true that some portion of the dielec- 
trie strength of dry-type transformers is 
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contributed by the gaseous medium they 
are in. However, a very considerable por- 
tion of the electrical strength can and should 
be built into the insulation structure of such 
apparatus, Turn insulation, phase bar- 
riers, and cylindrical coil barriers all con- 
tribute to the strength required for satis- 
factory operation to withstand not only 
normal operating voltages, but overvoltages 
occasioned by switching surges and impulse 
voltages. Even acceptance tests could not 
be made with reliance only on air insulation. 
Certainly, then, we must be sure we main- 
tain the quality of these insulations so that 
the apparatus remains at a sufficiently high 
dielectric level to withstand these over- 
voltage conditions. Thus, a measure of 
this ability to withstand voltage is a neces- 
sary and valuable criterion of the life of such 
apparatus. 

Mechanical strength is also, of course, 
required and its maintenance is of prime 
importance. Some correlation of mechani- 
cal and electrical deterioration has been 
made for operation of class- B insulations in 
air. No quantitative measurements of 
mechanical strengths were made as part of 
this study. We would expect, however, 
that electrical strength would be much 
more sensitive to deterioration to tempera- 
ture than mechanical strength. Therefore, 
the electrical criterion would be the weaker 
link and would govern the expected life. 

We are glad to have the independent con- 
firmation that field experience gives favor- 
able evidence to the value of excluding air 
from such apparatus. 

The question of whether class- H insula- 
tions also benefit by operation in nitrogen 
would perhaps be given a rough answer by 
whether or not silicones react with oxygen. 
There seems to be evidence that there is 
such a reaction, but, of course, at higher 
temperatures and slower rates than with 
organic resins. A factual answer can be 
given only with tests similar to those al- 
ready made using insulation both in air and 
in nitrogen with silicone impregnants. 
Recognition in the standards of improve- 
ment of class-H insulations operated in 
nitrogen cannot be given until sufficient 
data to show improvement have been pub- 
lished. In the case of class-B insulations, 
however, this paper does give data on 
improvement than can be expected when 
changing the medium from air to nitrogen. 
The large improvement, together with the 
considerable economic advantage, demon- 
strates the need for recognition in the stand- 
ards of the influence of the surrounding 
medium on the insulation life and conse- 
quently on the allowable operating tem- 
perature of such a combination. 
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Economics of Power Transformer 


Application 


J. E BARKLE 


MEMBER AIEE 


HE SELECTION of power trans- 

formers for generating stations and 
substations requires a detailed study of a 
large number of factors. Many economies 
can result from a correct choice of trans- 
former type and characteristics; how- 
ever, each application must be considered 
on its own merits. Conclusions reached 
regarding transformers for one location on 
a system may not apply on another sys- 
tem, or at another location on the same 
system. 

The purpose of this paper is to review 
some of the factors that should be con- 
sidered in making a power transformer ap- 
plication. The major factors discussed in 
this paper are as follows: 


1. Comparison of single-phase and 3-phase 
transformers 


2. Transformer insulation level 
3. Types of cooling 


4. Selection of method of cooling 


Comparison of Single-Phase and 
3-Phase Transformers 


A 3-phase power transformation can be 
accomplished by a 3-phase transformer 
or by three single-phase units. The 3- 
phase unit has the advantages of greater 
efficiency, smaller size, and a lower in- 
stalled cost when compared with a bank 
made up of single-phase units. The floor 
space required for a bank of single-phase 
transformers can approach twice the area 
required for a single 3-phase transformer. 
The increased bay size necessary for the 
single-phase units can result in a con- 
siderably higher installed cost when all 
factors are considered, particularly in 
locations where space is at a premium. 
This factor must be evaluated for each 
application because space limitations will 
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vary between locations. The more in- 
volved connections to a bank of single- 
phase transformers complicate the bus 
structure, further increasing the installa- 
tion costs chargeable to the transformers. 

The choice between single-phase and 3- 
phase transformers is influenced to some 
extent by the need for spare capacity. 
When three single-phase units are used in 
a bank, it is possible to install a fourth 
unit at the same location as an emergency 
spare. However, transformers have a 
proved reliability higher than most other 
elements of a power system, and for this 
reason the need for immediately avail- 
able complete spare capacity often is 
questionable. Three-phase units are 
used quite generally today with no on- 
the-spot spare transformer capacity. In 
these cases parallel or interconnected 
circuits of the system may provide emer- 
gency capacity or, for small and medium- 
size transformers, portable substations 
can provide spare capacity on short 
notice. 

The ever-present demand for better 
service reliability and the consequent 
changes in system design have had a 
major influence on the selection of 3- 
phase transformers in distribution sub- 
stations. In many applications, par- 
ticularly in distribution substations serv- 
ing radial subtransmission or distribution 
circuits, the use of a fourth single-phase 
transformer as a spare is not considered 
satisfactory unless several banks are used 
in the station. The time required to 
switch the spare into service manually 
often rules out this method of providing 
spare capacity. If the spare capacity 
must be in service, normally, the same 
spare capacity is required with either 
single- or 3-phase transformers. 

Many factors in system design have 
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decreased the dependence on any one 
transformer bank for maintaining service 
continuity. Examples are the unit system 
design in generating stations and the pri- 
mary network system. These factors 
have contributed to the trend toward the 
general use of 3-phase transformers. 

Handling and shipping limitations 
made it necessary to use single-phase 
transformers for many applications just a 
few years ago. Transformer develop- 
ments, including improved steel, the 
form-fit construction, and forced cooling, 
have contributed to a radical reduction in 
weights and dimensions. Today, all but 
the very largest ratings can be built and 
shipped as 3-phase units. 


Transformer Insulation Level 


The basic insulation levels of power 
transformers having full insulation are 
given in column 2 of Table I. These 
levels should be used unless special study 
shows that a lower insulation level can be 
protected adequately against surge volt- 
ages. At locations where 75 or 80 per 
cent lightning arresters can be applied 
close to the transformer, important 
economies can be realized by reducing 
the transformer insulation level one 
class, as indicated by the basic insula- 
tion levels in column 3. These applica- 
tions require a complete study of the 
transformer surge protection. First, it is 
necessary to estimate the maximum 
dynamic voltages to ground at the trans- 
former location during normal and ab- 
normal conditions. These voltages should 
never exceed the rating of the lightning 
arrester selected. If these studies show 
that the 75 or 80 per cent lightning ar- 
rester can be applied with safety, the 
second step is to determine the maximum 
permissible distance between the lightning 
arrester and the transformer. The data in 
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Table |. Power Transformer Basic Insulation 
Levels 

Transformer BIL, Kv 

System Insulation 

Voltage, Full Reduced 

Kv Insulation One Class 
NMS Ryle a5 20 Pet Os oan orca 450 
NE othe CBOE irene ore 550 
i rife sn One 650 
I BCEN EM ccna 5s WG OBO sramresene 9/7 900 
OKO cic SE aLARS (00) ae em painters 1,050 
345. DE BBO enacts ace 1,300 


Table II illustrate the influence of the 
transformer basic impulse level (BIL) and 
the lightning arrester rating on the per- 
missible distance between a 138-kv trans- 
former and the lightning arresters. These 
data were taken from Tables II and III 
of a paper by R. L. Witzke and T. J. 
Bliss,! and are based on the following as- 
sumptions (see Figure 1): 


1. The transformer is located at the end 
of a single overhead transmission line. 


2. The lightning arrester is connected to 
the bus through a 7-tap with a maximum 
of 35 feet of lead between the lightning ar- 
rester and the bus. 


3. The overhead line is of steel-tower con- 
struction with a maximum of ten suspension 
insulators. 


4. Protection is provided for a 500-kv per 
microsecond surge arriving at the station 
over the overhead line. 


5. Station ground resistance is neglected. 


The distances in Table II are measured 
between the transformer bushing and the 
lightning arrester connection to the bus 
(distance sin Figure 1). It will be noted 


_ that the permissible separation distance is 


approximately the same for the reduced- 
insulation transformer protected with a 
117-kv lightning arrester as for the 650-kv 
transformer with a 145-kv ungrounded 
neutral lightning arrester, indicating that 
the protection for these two cases is com- 


_ parable. Reducing the lightning arrester 
_ tating to 111 ky increases the permissible 
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BIL protected with a 117-ky lightning ar- 
rester, illustrate in a definite manner the 
need for having the lightning arrester 
closer to the transformer when reduced in- 
sulation is used. 

The savings that result from decreasing 
the transformer insulation level one class 
on systems operating at 110 kv and above 
are very attractive and will more than 
justify the additional engineering time 
required to determine whether or not the 
reduced insulation can be protected ade- 
quately against surge voltages. Further 
savings may be possible at 230 kv and 
above by reducing the transformer insula- 
tion more than one step. For example, 
the industry is giving consideration to an 
intermediate basic impulse level of 825 kv, 
which is one and one-half steps below the 
230-kv insulation-class basic impulse level 
of 1,050 kv. Some operating companies 
are satisfied that transformers having this 
basic level can be protected adequately 
with lightning arresters applicable to well- 
grounded 230-kv systems. The results of 
the investigation reported in the paper re- 
ferred to previously! show that compar- 
able protection is obtained with a 100 per 
cent lightning arrester and a 1,050-kv 
basic impulse level, and a 75 per cent 
lightning arrester and an 825 kv basic 
impulse level. The 75 per cent lightning 
arrester application, however, requires 
special study. 


Types of Cooling 


The basic types of cooling are desig- 
nated as follows: 


OA—Oil-Immersed Self-Cooled. In this 
type of transformer the insulating me- 
dium circulates by natural convection 
through external radiators. 


OA/FA—Oil-Immersed — Self-Cooled/- 
Forced-Air Cooled. ‘This type is basically 
an OA unit with the addition of fans to 
increase the rate of heat transfer from the 
cooling surfaces, thereby increasing the 
transformer trating. The higher capacity 
attained by use of fans is dependent upon 
the self-cooled rating of the transformer 
and may be calculated as follows: 


For 2,500 kva (OA) and below: kva (FA) 
=1.15Xkva (OA) 

For 2,501 to 3,332 kva (OA): kva (FA)= 
1.55 Xkva (OA) —1,000 


For 3,333 kva (OA) and above: kva (FA) 
=1.25Xkva (OA) 


OA/FA/FOA — Oil-Immersed  Seif- 
Cooled/ Forced - Air - Cooled/Forced- 
Oil Forced - Air Cooled. The rating 
of an oil-immersed transformer may 
be increased from its OA rating by the 
addition of both fans and oil pumps. 
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Table Il. Influence of Transformer BIL and 
Lightning Arrester Rating on Permissible 
Distance between Transformers and Lightning 
Arresters that Might be Applied on a 138-Ky 


System * 
Lightning Maximum 
Transformer Arrester Distance, 
BIL, Kv Rating, Kv Feet 
DOU (yc waistae eats PAB oe co aalcsae 44 
DUE Aravalele ste srebis 133 
BOM Mie oocaseicue/e ADTs cae we ook 45 
DOU ats twee 60 


* See text for conditions assumed in the prepara- 
tion of this table. The distances given are based on 
adequate line and station shielding. 


These triple-rated transfonners usually 
are built only in ratings of 10,000 kva 
(OA) and above. The maximum kilovolt 
ampere rating, with both fans and 
pumps in operation, is 1.67 times the OA 
rating. If the transformer is operated at 
the intermediate rating, using fans but no 
pumps, the kilovolt ampere rating is 1.25 
times the OA rating. Automatic controls 
responsive to oil temperature normally 
are used to start the fans and pumps in 
sequence as the transformer load goes up. 
In some applications part of the pumps 
and part of the fans are started when the 
load exceeds the transformer self-cooled 
capability. This operation decreases the 
hot spot to average winding temperature 
gradient over that obtained with fans and 
no forced circulation of the oil. 


FOA — Oil - Immersed — Forced - Oul- 
Cooled with Forced-Air Cooler. This type 
of transformer is intended for use only 
when both oil pumps and fans are operat- 
ing, under which condition any load up to 
full-rated kilovolt ampere may be carried. 
Some designs are capable of carrying ex- 
citation current with no fans or pumps in 
operation, but this is not universally 


true. Heat transfer from oil to air is ac- 
complished in external oil-to-air ex- 
changers. 


| 
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CARRYING 
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400 


CAPITALIZED COST — 
DOLLARS PER KW 
OF LOSS AT RATED 
LOAD 
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LOSS FACTOR— 
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Figure 2. Chart for estimating capitalized cost 
of losses 
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x IRON LOSS CAPITALIZED AT $200 PER KW 
© IRON LOSS CAPITALIZED AT $400 PER KW 


COST RATIO 


FOA 


° 100 200. ~+~300 400 
CAPITALIZED COST OF COPPER LOSS 
DOLLARS PER KILOWATT 
Figure 3. Capitalized cost of 100,000-kva, 
138-kv, 3-phase FOA transformer expressed 
in per unit of capitalized cost of corresponding 
OA transformer 
|. Transformer selling price 
ll. Selling price and capitalized losses 
lll. Installed cost and capitalized losses 
IV. Installed cost, and capitalized losses and 
reactive 


OW—Oil-Immersed Water-Cooled. In 
this type of water-cooled transformer, 
the cooling water runs through coils of 
pipe which are in contact with the in- 
sulating oil of the transformer. The oil 
flows around the outside of these pipe 
coils by natural convection, thereby ef- 
fecting the desired heat transfer to the 
cooling water. This type has no self- 
cooled rating. 


FOW—Oil-Immersed Forced - Oil-Cooled 
with Forced-Water Cooler. External oil- 
to-water heat exchangers are used in this 
type of unit to transfer heat from oil to 
cooling water; otherwise the transformer 
is similar to the FOA type. 


Selection of Method of Cooling 


The selection of the method of cooling 
that should be used must be based on a 
complete engineering study, each applica- 
tion being considered on its own merits. 
The following factors may have an im- 
portant influence on the choice of cooling: 
selling price, loss evaluation, installation 
costs, reactive evaluation, 
capacity, and impedance. 


emergency 


Selling Price. The most important 
factor in the selection of the cooling 
method is the selling price of the trans- 
former. Table III illustrates the relative 
costs of the six major types, based on ap- 
proximate selling prices of 138-kv 3-phase 
transformers having 115-kv class insula- 
tion. The comparison is based on trans- 
formers having the same maximum con- 
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OA/FA/FO. 
OA 


0.7h-* IRON LOS $200 
$400 


° 100 200 300 400 
CAPITALIZED GOST OF COPPER LOSS 


DOLLARS PER KILOWATT 
Figure 4. Capitalized cost of 100,000-kva, 
138-ky, 3-phase OA/FA/FOA transformer 
expressed in per unit of capitalized cost of 
corresponding OA transformer 


|. Transformer selling price 
\|. Selling price and capitalized losses 
Ill. Installed cost and capitalized losses 
IV. Installed cost, and capitalized losses and 
reactive 


tinuous rating. In each case the selling 
price of a self-cooled transformer is used 
as the base price, with the cost of the 
other units expressed as a ratio to this 
base price. It will be noted that the OA 
is the most expensive and the FOW the 
least expensive for each rating given. It 
is evident that forced cooling will result 
in important savings and should be con- 
sidered if the other transformer charac- 
teristics are suitable for a given applica- 
tion. 


Loss Evaluation. One of the elusive 
items that must be studied in applying 
power transformers is loss evaluation. 
There still exists in the industry a wide 
difference of opinion in regard to how 
losses should be evaluated. As a com- 
plete discussion of this factor is beyond 
the scope of this paper, the authors have 
chosen to show the influence of loss 
evaluation on the cost of the different 
transformers by varying the capitalized 
cost of losses over a range that might be 


Table Ill. Approximate Relative Cost of 
3-Phase, 138-Kv, 550-Kv BIL Transformers 
with Neutral Insulation Reduced to 15-Ky Class 


Transformer Rating, MVA 
Type 20 50 100 
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OAZFA cost RATIO 


OS 100 200 300 400 
CAPITALIZED GOST OF COPPER LOSS 
DOLLARS PER KILOWATT 
Figure 5. Capitalized cost of 100,000-kva, 


138-kv, 3-phase OA/FA transformer ex- 
pressed in per unit of capitalized cost of 
corresponding OA transformer 


|. Transformer selling price 
ll. Selling price and capitalized losses 
Ill. Installed cost and capitalized losses 
IV. Installed cost, and capitalized losses and 
reactive 


experienced in practice. In this analysis 
the losses are capitalized and added to the 
selling price of the transformer, rather 
than using the alternative procedure of 
calculating annual costs. 

The capitalized cost of losses should in- 
clude an energy charge as well as an 
equitable demand charge. The curves in 
Figure 2 may be used to determine the 
first component of the charge once the loss 
factor, energy charge, and carrying charge 
are known. For example, with a 50 per 
cent loss factor, an energy charge of four 
mils per kilowatt hour, and a 12 per cent 
carrying charge, the energy component of 
the loss is capitalized at $150 per kilo- 
watt. The second component is a func- 
tion of the additional system investment 
required to supply the losses during peak 
load periods. The total capitalized cost 
of a loss is taken as the sum of the two 
components. As used in this discussion. 
loss factor is defined as follows: 


Loss factor 
_ Average annual loss 


100 ent 
Loss at rated load “ a 


A 100,000-kva, 8-phase, 138-kv trans- 
former having a basic impulse level of 550 
kv at the line terminals and 15-kv class 


insulation at the neutral will be used to 


illustrate the influence of loss evaluation 
on the capitalized cost of a power trans- 
former. The essential] data for this study 
are summarized in Table IV. The trans- 


former losses can be obtained from the loss ~ 


products and ratios as follows: 


4 


AITEE TRANSACTIONS 


Per cent iron loss = V Product /Ratio 


Per cent copper loss= Ratio times per cent 
iron loss, where 


Product = product of per cent iron loss and 
per cent copper loss, and 


Ratio=ratio of copper loss to iron loss 


In using these products and ratios, it 
should be noted that the values are not 
expressediin terms of the maximum rating 
of the forced-cooled transformers. For 
example, the loss product and ratio for 
the FOA design are expressed on a base 
equal to 57 per cent of the maximum 
rating. To change the base, the loss ratio 
is multiplied by the square of the ratio of 
the new base over the old base, while the 
loss product remains the same. Fan 
losses for an OA/FA transformer are in- 
cluded at two per cent of the total loss, 
and pump and fan losses for the OA/FA/- 
FOA and FOA transformers at seven per 
cent of the totalloss. To permit generali- 
zation independent of the actual fan and 
pump duty cycles, these losses are capi- 
talized the same as iron loss. In the 
following discussion, the capitalized cost 
of losses is the sum of the capitalized 
energy charge from Figure 2 and the ap- 
propriate demand charge. 

Curve II in Figure 3 shows the in- 
fluence of the capitalized cost of losses on 
the cost of an FOA transformer. The 
FOA cost is expressed as a ratio to the 
cost of an OA transformer. In each case 
the copper-to-iron loss ratio has been 
selected to give the lowest loss capitaliza- 
tion, giving due consideration to the limits 

in Table IV. Curves II, III, and IV in 
Figure 3 are calculated on the basis that 
the iron loss and copper loss are evaluated 
at the same rate for copper loss evalua- 
tions of $300 or more per kilowatt. For 
copper loss evaluations of Jess than $300 
per kilowatt, the iron loss is capitalized 
at a constant value of $300 per kilowatt. 
This procedure was justified because 
variations in iron loss evaluation, com- 
pared with variations introduced by other 


_ factors, have a stinall influence on the cost 
ratio. The points shown on Figure 3 for 


_ iron loss capitalized at $200 and $400 per 


¢ 


i 


Table IV. Selling Prices, Loss Products, and 
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; 
_ Loss Ratios for 100,000-Kva, 3-Phase, 138-Kv, 


-_ BIL Transformers with Neutral In- 


sulation Reduced to 15-Kv Class 


Approximate 
Selling Price, 


Dollars Loss Loss 
Per Kva Product Ratio 
.5-2.75 
.5-2.75* 
F .5-2.75* 
oan cl UO ea auc 0.059f....1.2-2.0* 


‘Based on OA rating. t Based on 57,000 kva. 


wy 


% 


Table V. Comparison of Capitalized Costs of 100,000-Kva, 138-Kv, 550-Kv BIL OA 
and FOA Transformers with Neutral Insulation Reduced to 15-Kv Class 


——— == eee 


OA FOA 

Losses, kw: 

BLOM eens Fee a ecliein ohn austere orice LEGO researc van eianeea hana, © 126.3 

ATS AHAr USI PSS «oA ciora eo ele vie b ecetwlele Set ae Ne aieieves Kidalicle oreia a tie auslwas wie 41.7 

POPP OE Ge ratte tie esti ote lose te oes, eeu es ZO 2 Mabe tienas ie xv pista wplieseh ciara s\e 467.3 
Reactive Losses, kva: 

WORGCILAGIOMIIGV AL cotter vaca retay a oS ache nae De abic vetteternter ta, tie BG oncnvie aye areuaorelaca.e 1,010 

AER ERD. Fae cctthina arya ie dis ea ar enaets DOOM owe Fas. creas . 11,250 

ROCA TeRCUIY ec fpr acnsered be asl wiser goal SOT Seas gevemeevars tactarals te ..12,260 
Evaluations: 

NEOWMVIOSS eRe o ¢. dase eh tee Se ewe hee SOO Ew. keen eee te eae es $400/kw 

PREC MEG petest 2) Foe tG AM ELE ICICLE COLES IOC IIG DtEEE ERIN TORS Lic Came tain $400/kw 

CONDETNOSS:. cote Meh aeieersc srecaaod diss SZOO Mewes ts pase waits caendea ae takers $200/kw 

RREACTIVG Tamir rete Cesk cle erick eravene eis SC /EVGTL Ay rtcas nie aoe Bec $7/kva 
Costs: 

OHM eADLICet ns dc tciim Havhes ate a OLed ,OLGe satis 

AFOMMAGSS tity a cate w as. «Fa sya 58,640. . 

HATS AIG PUA S herein aye ciate te weve sel ¢leoueintes als as 

Copper loss... BS 640 hei cipte sic 

Reactive Lo Ue fi li Uo 

SHEOLGE Seer otra + Kiko aie Loe elas CORON IID, 06.28 when ara dey «ute tebe a $413 ,960 

MAT AMEN es a tea COs $23,800 ...9 i. . VE ee ee BS: TAD ic nage site 16.8 

ROCKIT Oe Geis c Lvals ven atte le $549',418........ LOQNOSoMNsaanee $497,700........ 100.0% 


* Installation included at 50 per cent of transformer selling price. 


kilowatt illustrate the influence of this 
variation. Varying the copper loss 
evaluation between $100 and $400 in- 
fluences the cost ratio by about 25 per 
cent, indicating the importance of having 
reasonably accurate data on this factor. 
Curve I, which is based on the selling 
price of the transformer, is included for 
comparison. 


Installation Costs. Installation costs 
will have an important influence on the 
method of cooling that should be selected 
for a given application. As this factor 
varies through a wide range depending on 
local conditions, it is not possible to 
evaluate this factor accurately in any 
general comparison. Curve III is based 
on an installed cost equal to 150 per cent 
of the selling price of the transformer and 
is included to emphasize the importance 
of including installation costs in making 
comparisons. This is not intended to be 
any accurate comparison because in- 
stallation costs vary considerably and 
may consist of different percentages for 
each type of cooling. Curve III also in- 
cludes capitalized losses. It will be noted 
that installation costs decrease the spread 
in the cost ratio introduced by variations 
in the capitalized cost of copper losses. 


Reactive Evaluation. As the reactance 
of an FOA transformer is higher than for 
an OA transformer, some evaluation 
should be placed on the reactive require- 
ments of the transformers. Curve IV 
includes this factor as well as installed 
costs and capitalized losses. The react- 
ances were taken as 7.5 per cent for the 
OA transformer and 11.25 per cent for 
the FOA transformer. Excitation re- 
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quirements also are included at eight 
times the iron loss. Curve IV is based on 
an outside figure of $10 per kilovolt am- 
pere of reactive. Direct interpolation be- 
tween Curves III and IV is permissible if 
reactive is evaluated at less than $10 per 
kilovolt ampere. The spread between 
Curves III and IV shows that the reac- 
tive requirements of transformers have an 
important influence on the cost ratio. 


Figures 4 and 5 illustrate a similar cost 
comparison for the OA/FA/FOA and 
OA/FA transformers. 


Table V summarizes the costs included 
for one of the cases plotted in Figure 3. 
No-load losses are capitalized at $400 
per kilowatt and load losses at $200 per 
kilowatt. Reactive is evaluated at $7 
per kilovolt ampere instead of the outside 
figure of $10 per kilovolt ampere used in 
Figure 3. It will be noted that reactive 
charges account for 18.1 per cent of the 
total cost of the FOA transformer. Ac- 
tually, if reactive were evaluated at as 
high as $7 per kilovolt ampere, considera- 
tion should be given to a more expensive. 
lower reactance transformer. Including 
installation costs at the same percentage 
for both transformers may not result in a 
fair comparison. The installation costs 
may be a higher percentage of the trans- 
former selling price for FOA than for OA 
transformers. 


Emergency Capacity. In stations where 
on-the-spot spare transformer capacity is 
to be provided, the OA/FA and OA/FA/- 
FOA transformers have definite merit. 
In these cases these transformers could be 
operated within their self-cooled ratings 
normally, with the forced ratings reserved 
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for emergency conditions, or the triple- 
rated unit could be operated within its FA 
rating normally, with its maximum rating 
reserved for emergencies. In these ap- 
plications the losses would be evaluated 
on the basis of the lower normal loading, 
which would be equivalent to using a 
lower copper loss evaluation in Figures 4 
and 5. It also would seem reasonable to 
evaluate the cost of the transformer reac- 
tive at the normal fractional load, which 
decreases the forced-cooled/self-cooled 
transformer cost ratios. As an example, 
consider an 80,000/100,000-kva OA/FA 


transformer normally operated within its 
OA rating, with the FA rating reserved 
for emergencies. Also assume that cop- 
per losses are evaluated at $200 per kilo- 
watt and reactive at $10 per kilovolt am- 
pere at the transformer location. Follow- 
ing the above philosophy, the copper loss 
would be evaluated at 0.64200, or $128 
per kilowatt, in using Figure 4. Reac- 
tive would be evaluated at $6.40 per 
kilovolt ampere. 

Impedance. The higher impedance of 
the forced-cooled transformers may have 
merit in locations where the short circuit 


kilovolt ampere approaches the yating of 
the installed circuit breakers. On the 
other hand, this higher impedance may 
influence unfavorably steady-state or 
transient stability limits in certain loca- 
tions on a system. These factors should 
not be overlooked in selecting power 
transformers for specific applications. 


ve 


Reference 


1. CO-ORDINATION OF LIGHTNING ARRESTER Lo- 
CATION WITH TRANSFORMER INSULATION LEVEL, 
R. L. Witzke, T. J. Bliss. AZEE Transactions, 
volume 69, part II, 1950, pages 964~75. 


Discussion 


D. L. Beeman (General Electric Company, 
Schenectady, N. Y.): The points the 
authors have raised on 3-phase versus single- 
phase transformers are very timely and de- 
serve the earnest consideration of users of 
transformers. The writer realizes that this 
comparison was not the main purpose of the 
paper and so would like to add some more 
points of comparison between 3-phase and 
single-phase transformers. These are made 
with particular reference to industrial users. 
In the industrial field the purchase of single- 
phase transformers has almost disappeared. 
This is a complete reversal of trend that has 
taken place in the last 10 years. One of the 
major factors for this trend has been the 
excellent reliability of transformers referred 
to in the paper. According to some figures 
which were made on Pyranol transformers in 
industrial plants, the failure record was of 
the order of one failure per 2,500 trans- 
former-years. Putting this in another way, 
of all of the Pyranol transformers installed, 
less than 0.2 of one per cent had failed for 
any reason whatsoever. 

The second major reason for this trend 
has been the unit substation. Three-phase 
transformers fit into unit construction 
easily from a mechanical standpoint, 
whereas three single-phase transformers are 
difficult to build into unit equipments. The 
unit equipment further multiplied the sav- 
ings of the 3-phase transformer. 


Open Delta 


It used to be argued that one big advan- 
tage of three single-phase units is that open- 
delta operation can be maintained if one of 
the three single-phase units is out of service. 
The excellent operating record mentioned 
previously practically eliminated the neces- 
sity for ever going to open-delta operation. 
The present trend in industrial plants is to 
ground systems at all voltages. This means 
Y-connected secondary windings of trans- 
former banks. A bank made of three single- 
phase transformers cannot very well be 
used to supply any polyphase power when 
one of the three single-phase units is out of 
service. Therefore, in the grounded system 
the single-phase transformers have lost that 
apparent advantage. 

In a grounded-neutral system, somewhere 
in the neighborhood of 5 per cent to 10 per 
cent extra would be spent if the single- 
phase transformers-had no advantage from 
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this standpoint when compared with one 
3-phase transformer. 

If service reliability is important, then 
two half-size, 3-phase units can be used in- 
stead of one full-size 3-phase unit or three 
single-phase transformers. The two half- 
size transformers cost about 20 per cent 
more than the three single-phase units and 
provide substantially the same capacity 
with one unit out of service. The 3-phase 
bank, however, has many advantages. In 
the first place, should one unit be out of 
service, 3-phase loads can be served from 
the remaining transformer whether the sys- 
tem is grounded or ungrounded neutral. 
One transformer can be taken out of service 
for maintenance without dropping essential 
load in the plant. Automatic switching can 
be employed to isolate one of the units, 
should an internal failure develop, thus 
maintaining at least partial service without 
interruption. There are cases where it has 
taken as much as eight hours to locate 
trouble in one unit of a bank of three single- 
phase transformers. 

If the single-phase transformers are con- 
sidered on the basis of service reliability, 
that is only a partial answer to the over-all 
service reliability problem. There are far 
more outages due to circuit failures in cables 
and buses, and so forth, than there are in 
transformers. The most economical way to 
get over-all good service reliability is to pro- 
vide the modern load-center system with 
double channels with an emergency tie 
between them as in the case of the secondary 
selective system. This provides alternate 
channels in the event of either transformer 
or cable outages. The 3-phase transformer 
fits this situation ideally. 


Lester B. LeVesconte (Sargent and Lundy, 
Chicago, Ill.): If this paper had included a 
complete bibliography, it would probably 
have shown that in 1941 there was a paper 
by Philip Sporn and H. V. Putman discuss- 
ing some transformer economics,'! but for the 
following eight years, there was no AIEE 
paper on this subject. In 1949, the writer 
presented this subject to the Midwest 
Power Conference.? In 1950, the subject 
was covered quite thoroughly in three AIEE 
papers.*—5 

The Midwest Power Conference paper 
indicated that the choice of the type of cool- 
ing to be selected on an economic basis 
actually depends upon the accounting pro- 
cedure in the company and the theory of 
calculating the costs of losses. In this mat- 
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ter there seems to be a wide variation in the 
practices between the power companies and 


considerable work should be done to develop — 


more uniformity, in the theory of the evalu- 
ation of costs of losses. 
trated again by this paper. 


Figures 3, 4, and 5 of the paper compare — 


the cost of various types of forced cooling to 
the cost of a self-cooled transformer. There- 
fore, the different curves could be compared 
and the effect of the capitalized cost of the 
copper losses observed. If Curve II from 
Figures 4 and 5 are superimposed on Figure 
3, the comparison is quite evident. Assum- 
ing that the transformers were to be com- 
pared on the basis of Curve II, which in- 
cludes the selling price and the capitalized 
cost of losses, the lowest value of Curve II 
would indicate the most economical type to 
select. From this it is evident that the type 
FOA (oil-immersed forced-oil-cooled) would 
be the most economical for all values of cop- 
per loss up to $400 per kw. Above this the 
type OA/FA/FOA  (oil-immersed  self- 
cooled/forced-air-cooled/forced-oil forced-air 
cooled) is the least expensive up to $230, but 
between $230 and $400 the type OA/FA 
(oil-immersed self-cooled/forced-air cooled ) 
is less expensive. The curve for type 
OA/FA/FOA crosses the ratio 1.0 line at 
$280, which indicates that beyond this point 
the type OA (oil-immersed  self-cooled) 
would be less expensive. 


Therefore, it is evident that the selection 
of the type of transformer for any applica- 
tion, if studied on an economic basis, de- 
pends on the theory of the evaluation of 
losses rather than on an engineering basis. 
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This point is illus- 


Progress Report of the AIEE 
Magnetic Amplifier Subcommittee 


AIEE COMMITTEE REPORT 


HE Magnetic Amplifier Subcom- 
mittee was formed in 1948 to provide 
a focal point in the Institute for a rapidly 
growing rew activity of magnetic am- 
plifiers,..It was hoped that by tying to- 
gether the scattered efforts a common 


meeting ground of terms and definitions 


and methods of expressing performance 
could be established at an early stage. 
The stimulation of technical meetings 
devoted exclusively to magnetic ampli- 
fiers also would be highly beneficial. The 
scope adopted was: 


Fundamental developments, design, and 
application of magnetic amplifiers and of 
the materials and components as used. 
Standardization of definitions, nomencla- 
ture, symbols, and operating characteristics. 


Encouragement of the exchange of informa- 


tion, as by technical papers, conference ses- 
sions, and demonstrations. 


This report combines the material de- 
veloped to date by the three working 
groups of the subcommittee, together 
with some of the reasons. Comments and 
suggestions will be welcomed to assist the 
subcommittee in bringing this material 


to the status of formal standards. 
\( 


1. Definitions 


The following definitions have been 
approved by the subcommittee and will 
be recommended to the Standards Com- 


mittee for adoption unless discussions of 


this report are received that seem to-re- 
quire further committee consideration. 


PROPOSED MacGnetTic AMPLIFIER 
DEFINITIONS 


Reactor. A reactor is a device the 
primary purpose of which is to introduce 
reactance into an electric circuit. 


Inductor, An inductor is a device the 
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primary purpose of which is to introduce 
inductance into an electric circuit. 


Saturating Reactor. A saturating re- 
actor is an inductor operating in satura- 
tion without independent control means. 


Saturable Reactor. A saturable reactor 
is an adjustable inductor in which the 
current versus voltage relationship is ad- 
justed by control magnetomotive forces 
applied to the core. 


Magnetic Amplifier. A magnetic am- 
plifier is a device using saturable reactors 
either alone or in combination with other 
circuit elements to secure amplification or 
control. 


Feedback. Feedback (in a magnetic 
amplifier) is a circuit connection by means 
of which an additional magnetomotive 
force, which is a function of the output 
quantity, is used to influence the operat- 
ing condition. 


Signal (Input, Control). A signal is an 
independent input variable. It is applied 
to the magnetic amplifier as an inde- 
pendent magnetomotive force. 


Output Windings. The output wind- 
ings of a saturable reactor are those wind- 
ings other than feedback associated with 
the load and through which power is de- 
livered to the load. 


Power Windings. The power windings 
of a saturable reactor are those windings 
to which the power is supplied by a local 
source. Commonly the functions of the 
output windings and the power windings 
are accomplished by the same winding, 
which is then termed the output winding. 


Control Windings. The control wind- 
ings of a saturable reactor are those wind- 
ings by means of which control magneto- 
motive forces are applied to the core. 
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Bias Windings. The bias windings of a 
saturable reactor are those control wind- 
ings by means of which the operating 
condition is translated by an arbitrary 
amount. 


Signal Windings. The signal (input) 
windings of a saturable reactor are those 
control windings to which the inde- 
pendent variables (signals) are applied. 


Feedback Windings. The feedback 
windings of a saturable reactor are those 
control windings to which the feedback 
connections are made. 


Self-Saturation. Self-saturation in a 
magnetic amplifier refers to the connec- 
tion of half-wave rectifying circuit ele- 
ments in series with the output windings 
of the saturable reactors. 

Other terms which the definitions com- 
mittee will undertake to define are: time 
constant or response time; power gain or 
amplification; figure of merit; control 
characteristic; output characteristic; and 
control characteristic linearity. 


IJ. Ratings and Methods of 


Performance Expression 


MAGNETIC AMPLIFIERS 


The general definition for a rating as 
given in American Standards Associa- 
tion, (ASA) publication C42 (1941, or the 
latest revision thereof approved by the 
ASA),! under section 05.50.040, clearly 
defines the requirements of a rating. 

“A rating of a machine, apparatus, or 
device is a designated limit of operating 
characteristics based on definite condi- 
tions.” 


Paper 51-71, recommended by the AIEE Elec- 
tronics Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951. Manuscript sub- 
mitted October 25, 1950; made available for printing 
December 7, 1950. 


Personnel of the AIEE Magnetic Amplifier Sub- 
committee: E, L. Harper, Chairman; EpDGAR 
WEIR, Secretary; W. J. DORNHOEFER, sponsor, 
Group on Nomenclature and Definitions; E. B. 
McDoweE tt, original sponsor, and R. W. WOLKE, 
present sponsor, Group on Ratings and Methods of 
Performance Expression; L. A, Finzi, Group on 
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RECTIFIERS: 
5 SELF SATURATION 4DI8HAI 
BRIDGE 40I8HAL 


The following items are proposed by 
the subcommittee as necessary and suffi- 
cient for rating a magnetic amplifier. 
In each case the defining statement which 
will appear in the standards is italicized, 
and the explanation follows directly 
thereafter. 


A. The rating of a magnetic amplifier 
consists of the supply voltage, frequency, 
load output currents, control 
currents, and volt-ampere output assigned to 
it by the manufacturer. This rating shall be 
given for a@ specified connection of all com- 
ponents between the input and output ter- 
minals. 


resistance, 


The rating is intended to be an ex- 
ceedingly brief specification of the am- 
plifier, containing only such essential in- 
formation as could logically be included 
on the nameplate. It is by no means in- 
tended to convey all of the necessary ap- 
plication information regarding the am- 
plifier. 

Recommended standard application 
data which should normally be avail- 
able additionally from the manufacturer 
are listed in a subsequent section. 


B. The rated supply voltage is the supply 
voltage assigned in the rating. The magnetic 
amplifier shall be capable of operating con- 
tinuously at this supply voltage at rated 
frequency and with rated load resistance for 
any values of output and control currents 
within its rating, without exceeding the es- 
tablished rating of any of its components. 


As noted in the definition, the magnetic 
amplifier may include, in addition to the 
saturable reactor, rectifiers, resistors, 
transformers, and other elements. It is 
not the intent here to establish ratings 
for these additional elements, which are 
all standardized elsewhere, but simply to 
state that the rating given to the com- 
plete amplifier involves operation of the 
additional elements within the already 
established limits. Multiple-voltage rat- 
ings are contemplated where external 
connections are provided therefor. 
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Figure 1. Circuit diagram 


OUTPUT 
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C. The rated frequency is the frequency 
of the supply voltage assigned in the rating. 


As the saturation is a function of volts 
per cycle, operation at other frequencies is 
similar only if the applied alternating 
voltage is changed proportionately. Thus, 
the frequency is as necessary a part of the 
rating as the voltage. 


D. The rated load resistance is the re- 
sistance specified as a basts of the rating. 


This resistance is a value specified by 
the manufacturer, usually on the basis of 
maximum controlled power, although it 
may be based on some other criterion, de- 
pending on the purpose of the particular 
amplifier. It is needed in the rating to 
specify the output (G, in this section) and 
as a basis for response-time data, as well 
as simply to indicate the order of magni- 
tude of resistance load with which the 
amplifier is intended to operate. 

Information regarding performance at 
other load resistances is given in the ap- 
plication data. 

While operation with inductive loads 
is common, the work of the committee 
has not reached a point where helpful in- 
formation regarding this application can 
be incorporated in either the rating or the 
application data. Work is continuing on 
this feature, and suggestions will be wel- 
comed, 


E. The rated output current is the greatest 
value of current that can be carried continu- 
ously, with all control windings carrying 
rated current simultaneously, without ex- 
ceeding established ratings of any of the 
components. The rms value of current 
shall be specified for a magnetic amplifier 
with an a-¢ output. The average value of 
current shall be specified for a magnetic 
amplifier with a rectified output. 

For amplifiers with rectified output the 
rated (average) value of current can be car- 
ried continuously only if the ratio of rms to 
average currents 1s not greater than with 
rated resistance load. 


Current ratings of amplifier output and 
of control windings are given on the 
basis that all windings carry rated current 
simultaneously. If there are two or more 
control windings it is generally possible 
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to pass approximately rated ¢urrent 
through each with a small differeritial net 
control current establishing rated output 
current at the same time. While this is an 
outside limiting condition, it does not ap- — 
pear to distort greatly the true capabili- 
ties of the amplifier, and it does provide 
a very simple basic application figure or 
rating. Refined applications may take 
advantage of the somewhat greater cur- 
rents permissible in certain windings if 
others do not carry rated load simultane- 
ously. There would, however, be too 
many combinations to consider under 
rating. 

When but one control winding exists 
the test could be made at reduced supply 
voltage to obtain rated control and output 
currents simultaneously. The test code, 
not yet prepared, must be depended upon 
to fix uniform conditions for this test. 

In settling on the “average current” 
for rating of amplifiers with rectified out- 
put the committee balanced the greater 
utility of this current for application pur- 
poses against the objection that it does not 
define the heating. Applications may ex- 
ist in which the ratio of mms to average 
current is higher than for the test condi- 
tion with rated resistance load. Applica- 
tion data must be relied upon for these 
cases. 

The final sentence in the proposed 
section of the standard calls attention to 
this limitation. 


F. Each rated control current is the great- 
est current (alternating current or direct 
current, as specified by the manufacturer) 
that can be carried continuously, with all 
other currents simultaneously at their rated 
value, without exceeding the established rat- 
ing of any of the components. (See note 
under E in this section.) 


G. The rated volt-ampere output is the 
product of the rated load resistance (de- 


fined in D in this section) and the square of 


the rated output current. 


This is needed in the rating for quick 
indication of the ability of the amplifier 
to supply a particular load power if a 
suitable impedance match can be ar- 
ranged. Actually, it is simply a combina- 
tion of two other rating items, the rated 
output current and the rated load re- 
sistance. However, note that the volt 
amperes as defined are not the watts 
effective in heating a d-c load, but are the 
d-c component of power only. 


H. Temperature 


Although the treatment of tempera- 
tures has not been fully worked out, the 
following represents the committee’s. 
views at this time. The magnetic am- 
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plifier is an assembly of components 
which have been individually stand- 
ardized, such as saturable reactors, recti- 
fiers, and so forth. The temperature rise 
limitations and maximum temperature 
limitations will, in general, be different 
for each such component. Presumably 
the components have been applied prop- 
erly, so, that the complete assembly is 
suitable for operation at a given ambient 
temperature. Thus, the temperature 
rating given to the complete amplifier 
will be an ambient temperature rather 
than a rise or a maximum temperature. 
The standard ambients may very prop- 
erly be 40 degrees centigrade, and 55 
degrees centigrade, depending on whether 
the application is open or in an enclosure. 
This would agree with control device 
standards. 

Thus, the temperature rise information 
given in Figure 2, to be discussed in a 
following section, applies only to the 
saturable reactor and isso marked. Where 
the amplifier consists only of a saturable 
reactor, or if the rectifiers are mounted 
separately, this information would show 
the change in reactor rating to allow for 
different ambients. 


Application Data 


Since the characteristics of magnetic 
amplifiers can be presented in many 
forms, the committee thought it wise to 
review the several methods in use and to 
agree, if possible, on a few preferred forms. 
Adherence to these will assist the users in 
achieving a familiarity with the presenta- 
tion and will avert a hodgepodge of 
slightly varying forms of presenting es- 
sentially the same information. The fol- 
lowing application information appeared 
most generally useful. Again, the state- 
ment intended to appear in the standards 
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is italicized, and the committee's com- 
ments follow directly thereafter. 


A. The d-c resistance at a specified tem- 
perature and number of turns of each of the 
control windings 


These are needed in applying the am- 
plifier in order to have desired input and 
feedback circuit characteristics and to 
predetermine the response time from the 
general response-time curves proposed. 
(See C, in this section.) 
trated in the example. 


This is illus- 


B. A circuit diagram 


The circuit diagram, or supplementary 
information, should contain identifica 
tion of the circuit elements, particularly 
if these are separately mounted, such as 
rectifiers. 


C. Curves describing the operating charac- 
teristics 

1. Control characteristic. Plot of load 
current as a function of control ampere- 
turns for various loads and at the rated sup- 
ply voltage and frequency 


2. Plot of load current as a function of 
control ampere-turns for various values of 
supply voltage and at the rated load resist- 
ance and rated frequency 


3. Plot of load voltage as a function of 
load current for various values of control 


4. Plot of 63 per cent and 95 per cent 
response times as a function of control cir- 
cuit turns squared per ohm, at rated supply 
voltage and frequency and rated load re- 
sistance. Alternatively, the response times 
may be plotted versus control circuit ohms 
per turn squared. 

The control circuit turns squared per 
ohms at which curves 1 to 3 are taken should 
be stated. 


Figure 2 (left). Control 800 


Curve 1 is a “‘control characteristic’’ of 
output versus input for various load re- 
sistances, whereas curve 3 is a set of “reg- 
ulation curves’’ showing the output 
voltage versus load for various control 
currents. Both contain essentially the 
same information, the three variables re- 
lated being control current, load current, 
and load resistance. Each presentation 
has peculiar advantages in particular ap- 
plications, and the committee did not feel 
it wise to eliminate either one at this 
time. 

Curve 2 is a control characteristic for 
various supply voltages in the neighbor- 
hood of normal. 

Commutation alters the control char- 
acteristic and regulation curves when 
various control circuit impedances are 
used. Hencé, curves 1 to 3 are to be 
taken with resistance only in the control 
circuits and the control circuit turns 
squared per ohm are to be stated. 

Curve 4 is the recommended form of 
response-time data. It consists of curves 
giving the 63 per cent and 95 per cent re- 
sponse times as ordinate versus the ac- 
cessible control-winding turns squared 
per ohm (or alternatively, ohms per 
turns squared) as abscissa. The acces- 
sible control-winding turns squared per 
ohm is the sum of the turns squared per 
ohm of each of the accessible control 
windings, which forms a closed circuit. 


Use of Ratings and Application Data 
References 


SELF-SATURATING MAGNETIC AMPLIFIER 
with D-C Ourrutr 


For a particular amplifier selected as an 


example the ratings and application data 
are as given in Tables I and II. 


characteristic at rated sup- 
ply voltage and frequency, 
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Figure 3 (right). Control 

characteristic at rated load 

resistance and frequency, ° 
supply voltage varied 
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Figure 4 (left). Output 


voltage as a function 


of load current for vari- 
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Figure 5 (right). Plot 


RESPONSE TIME CYCLES 


of 63 per cent and 95 


per cent response times 
as a function of control 
circuit turns squared per 
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ohm, at rated supply 
voltage and frequency 
and rated load resist- 
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Circuit Diagram 

The circuit diagram, given in Figure 1, 
shows the connections upon which the 
performance is based, and the rectifiers 
used. Input is shown to a particular 
control winding simply by way of illus- 
tration. However, since the control 
characteristic is plotted against ampere- 
turns, that is, amperes in a given number 
of turns, the ampere-turns can be inter- 
preted for the use of any of the accessible 
control windings as signal or input wind- 
ings. They also can be interpreted for 
any of the accessible control windings 
used as bias or feedback windings, since 
they give the output for a given total 


Table |. Ratings Based on Operation with 
D-C Output According to Figure 1 


Supply voltage............ 


.120 volts rms, 60 cy- 
cles, single phase 
Load resistance,............1380 ohms 
Output current.............0.555 ampere 
Volt-ampere output.........40 volt-amperes 
Ambient temperature. ...... 55 degrees centigrade 
Control-winding rated 
currents, amperes.........1. 0.041 
2. 0.12 
3. 0.54 
4. 1.00 


Table Il. Application Data on Control 
Windings 
D-c Resistance between 
Designated Terminals 
Turns at 25 degrees centigrade, 
Windings Per Core ohms 
Da Breratereinas 2 000 eee oe arec 1,200 
a8: Rletsteisisss BOO ere eaise.e eye's 140 
9-10, ..54.. BO saawattie ci. 7.0 
Vi=12 eee PL aR a Oe 2.0 
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control ampere-turns regardless of how 
obtained. The accessible terminals are 
indicated by circles. 


Curves Describing the Operating Charac- 
teristics 


The control characteristic for various 
load resistances is given in Figure 2, the 
control characteristic for various supply 
voltages in Figure 3, and the regulation 
curves in Figure 4. The 63 per cent and 
95 per cent response times are plotted 
against the turns squared per ohm in 
Figure 5. 


Use of Ratings and Application Data 


Suppose that a magnetic amplifier is 
required to control a 40-volt-ampere d-c 
resistive load from a 120-volt single-phase 
60-cycle supply. What useful informa- 
tion is conveyed by the ratings and ap- 
plication data regarding the application? 

The rating confirms the basic possi- 
bility that this» amplifier might be suit- 
able, since it is 40 volt amperes, 120 
volts, 60 cycle, 1 phase. 

The rated load resistance shows the 
ohms to which the 40-volt-ampere load 
should be built to be suitable for opera- 
tion with the amplifier, although, as will 
be shown in a following paragraph, some 
variation from this value can be tolerated. 
In case the load already exists, the watt 
rating indicates the probability that an 
amplifier of similar size and characteristics 
could be built for other load resistances 
involving the same power, but here at- 
tention must be paid to two factors. With 


Progress Report 


3.476 6-8 10% 2 3 45 e006 
CONTROL CIRCUIT TURNS® PER OHM 


fewer turns of larger wire the supply 
voltage must be changed proportionately, 
and this may require a transformer. 
Rectifier changes are in discrete steps, and 
an equally advantageous match will not 
be obtainable at all load resistances. 

The rated current, 0.555 amperes at 
40 degrees centigrade rise in the reactor, 
and the corresponding control-winding 
current ratings are a set of currents that 
can be carried simultaneously without 
exceeding the 40 degrees centigrade rise. 
Ordinarily, applications will be made 
keeping each current within these thermal 
limits. In critical cases further informa- 
tion will be required to determine other 
permissible current combinations. 

The application data consists of three 
parts, control-winding turns and resist- 
ance, the circuit diagram, and the char- 
acteristic curves. The control charac- 
teristic, Figure 2, show that, with a 130- 
ohm load, a variation of 4 ampere-turns 
will be ample to control from the con- 
tinuous 40 degrees centigrade rise rating 
to a low value. For example, a variation 
from 0 to 10 mils negative in the 400-turns 
control winding, with the others open, 
will control over the full range. The 
corresponding control power would be 0 
to 0.014 watts to control the output from 
approximately 40 watts to 0, a gain of 


40 
0014> 2,850 

A bias winding might be used to center 
the control for operation between the 20 
per cent and 80 per cent points, the ap- 
proximate limits of high-gain linear 
operation. Taking the maximum output 
as 585 mils, the 20 per cent- to-80 per cent 
range will be from 117 mils to 468 mils 


output, with a center at 292 mils corre-~ 


sponding to —2.2 ampere-turns per core. 
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~ lower. 


_ watts. 


Such a bias might be secured with 0.55 
mils in the 4,000-turn winding, for ex- 
ample. The control-winding variation to 
cover the 20 per cent to 80 per cent range 
then will be +2.75 mils, or a total of 5.5 
mils. The power gain in this region is 


(351)? 130/(5.5)? X 140 =3,800 


Let us tow consider the response time. 
The bias-winding voltage is 0.00055 
1,200=0.660 volts. Suppose this is ob- 
tained from a 100-volt d-c source. The 
total resistance in the bias circuit will be 
181,000 ohms, and the turns squared per 
ohm = 4,000?/181,000=88.5. If the sig- 
nal winding has no external resistance its 
turns squared per ohm = 400?/140= 1,140. 
The total turns squared per ohm = 1,228. 
Note that the bias winding contributed 
a negligible part of this. From the re- 
sponse curve, Figure 5, the 63 per cent 
and 95 per cent response times are, re- 
spectively, 13 cycles and 33 cycles. If it is 
desired to reduce the 63 per cent response 
time to 5 cycles (for both rise and fall), 
the turns squared per ohm must be re- 
duced to 200. Atlowing 88.5 in the bias 
winding, the control turns squared per 
ohm must be reduced to 111.5. This 
necessitates a signal circuit resistance of 
400?/111.5=1,430 ohms, of which 140 is 
in the winding and 1,290 ohms must be 
external. The power gain under this 
condition is: 


(351)? X 130 


(6.514307 >? 


Returning to the control characteristic, 
Figure 2, note that the load resistance 
could be as high as 160 ohms at the ex- 
pense of somewhat higher control cur- 
rent. The temperature rise would be 
However, with a load resistance 
as high as 195 ohms, the load could not be 
controlled up to 40 watts at any control 
current. The linearity and gain are ob- 
viously better with the 130-ohm load resist- 
ance. In the other direction of decreasing 
load resistance the 40 degrees centigrade 
temperature rise would be exceeded at 40 
However, at 50 degrees centi- 
grade rise the load resistance could be 


lowered to about 85 ohms. The gain and 


linearity are improved. 

Refer to Figure 3, the control charac- 
teristic for various supply voltages up to 
£10 per cent from normal. Note that 


moderate changes in the supply voltage 
_ fesult in a change in the output current 


_ for the same control current. 


a 
: 
i 


- inately the inverse effect of a change in 


4 This varia- 
tion must be allowed for in controls. 
ay A change in frequency has approxi- 


voltage on the minimum, or “cutoff,” 
spat current. A change in frequency 
_ 
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has little effect on the maximum, or 
“saturation,” output. 

In case the load resistance is to be 
varied, the regulation curves of Figure 5 
will be particularly useful, showing the 
variation of load voltage with current for 
various settings of the control and fixed 
supply voltage. Note that unlike a d-c 
machine the regulation curves are not 
parallel, the regulation increasing as the 
no-load voltage is lowered. 


SATURABLE REACTORS 


Since the saturable reactor was one of 
the major components of a magnetic am- 
plifier for which no ratings had been es- 
tablished as yet, it was decided to begin 
with this component. However, the 
work of the committee has not progressed 
as far as. with the magnetic amplifier. 
Nevertheless, to obtain the benefit of 
comments which might guide the further 
work of the committee, it was felt best to 
include these saturable reactor sections in 
the report in their present form. 


Ratings 


The following items are proposed as 
necessary and sufficient for rating a 
saturable reactor. In designating these 
the committee recognizes that the satur- 
able reactor usually operates between two 
limits. In one limit it is saturated, car- 
ries full current, and has a low voltage 
across it. In the other the control cur- 
rent is minimum (usually zero), the ab- 
sorbed voltage a maximum, and the 
output-winding current is minimum. 

Full-range reactors operate to zero 
control current, but also employed are 
limited-range reactors which provide a 
smaller control range and absorb their 
maximum voltage while still partially 
saturated and having a definite value of 
control current. The ratings and ap- 
plication data take into account the pos- 
sibility of saturable reactors designed for 
any control range whatever. 


A. The rating of a saturable reactor 
consists of the output-winding voltage, 
current, volt amperes and frequency, and 
the control-winding currents and the 
temperature rise assigned to it by the 
manufacturer. 


B. Rated output-winding voltage is the 
voltage assigned in the rating. The 
saturable reactor should be capable of 
absorbing this voltage continuously at 
appropriate values of control-winding 
currents (usually minimum) without ex- 
ceeding rated temperature rise. This 
voltage is average 1.11 or equivalent sine- 
wave mms value of the voltage read with 
an average reading meter. 
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C. Rated output-winding current is 
the maximum mms current that can be 
carried continuously without exceeding 
rated temperature rise, while carrying 
rated control-winding current simulta- 
neously. 


D. Rated volt amperes is the product of 
rated output-winding voltage and rated 
output-winding current. 


E. Rated control-winding currents are 
the maximum currents that can be carried 
continuously without exceeding rated 
temperature rise, while carrying rated 
output-winding current simultaneously. 


F. Rated frequency is the frequency of 
the output-winding voltage assigned in 
the rating. 


G. Rated temperature rise is the tem- 
perature rise which will produce normal 
life expectancy, and shall be in accordance 
with established standards as given in 
ASA publication C57.11 (1948, or the 
latest revision thereof approved by the 
ASA),? sections 11.020 and 11.121. 


Application Data 


To define adequately the operating 
characteristics of a saturable reactor the 
following data should be provided. 

A. The d-e resistance at a specified 
temperature and number of turns of each 
of the windings. 

B. The control ampere-turns and 
output-winding voltage corresponding to 
rated output-winding current. 

C. The permissible output-winding 
current at rated output-winding voltage 
and the corresponding control ampere- 
turns. 

D. Family of curves of output-wind- 
ing voltage (average 1.11) versus output- 
winding current for various values of 
control ampere-turns, at rated frequency. 

E. Typical operating conditions as a 
simple magnetic amplifier. 
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Discussion 


Ulrik Krabbe (Thomas B. Thrige, Odense, 
Denmark): I find the report most interest- 
ing, especially the discussion of the rating 
which is a rather difficult problem. 

As a representative for Europe, I should 
like to propose the values of international 
standards instead of United States stand- 
ards. If the United States standards have 
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to be decided on now I should find it valu- 
able if the terminology used in Europe 
(especially in England) were taken into 
account, 

I am sorry that the word “transductor” is 
not found in the report. The word trans- 
ductor is a proper word; compared with 
magnetic amplifier it is one word instead of 
two. It covers a little more, arrangements 
for measuring large direct currents where it 
is not the amplification property which is 
utilized. It corresponds well to the new 
amplifier name, transistor, The word trans- 
ductor is used in Pngland, France, Holland, 
Belgium, Norway, Sweden, Denmark, and 
Finland, as well as being used in literature 
in the United States.!~ 

As a compromise I recommend the word 
transductors for circuits with and without 
feedback, and the word magnetic amplifiers 
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for self-saturated circuits, In this way, we 
should also be able to avoid new unnecessary 
words as amplistats, and so forth. The cir- 
cuits with self feedback in separate windings 
will probably get less emphasis in the future. 

The curve of Figure 5 in the report show- 
ing the transient response is a good way of 
defining the properties when specifications 
for the rating of the signal are known. ‘This 
question is, however, rather difficult and I 
find, therefore, that it is a little dangerous 
to standardize curves like Figure 5 before 
this problem is solved, as otherwise such 
curves can be misused and misunderstood 
easily, 
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E. L. Harder: Mr. Krabbe’s recommenda- 
tions regarding the terminology are being 
referred to the Definitions Subcommittee 
for consideration. The curves of Figure 5 
are not standards but are application curves 
for a particular amplifier. The standard 
application data merely state that such 

should be available. 
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Steady-State Analysis of Self-Saturating 
Magnetic Amplifiers Based on Linear 


Approximations of the Magnetization 


Curve 


WALTER H. ESSELMAN 


ASSOCIATE AIEE 


HIS PAPER introduces a method 

for predicting the output currents of 
self-saturating magnetic amplifiers. The 
initial work illustrates how the load cur- 
rents may be computed by assuming a 3- 
straight-line representation of the hys- 
teresis loop. A simplified procedure is 
then developed and applied to two half- 
wave amplifiers. The factors influencing 
the output of the full-wave and doubler 
circuits are then discussed and illustrated. 
The computed values of the points on the 
transfer curve agree closely with experi- 
mental results. 

In recent years considerable interest 
has been revived in saturating reactor de- 
vices for controlling relatively large power 
with small control currents. This interest 
was stimulated by new magnetic materials 
and circuits which resulted in greatly in- 
creased ratio of controlled power to input 
power. Therefore the term “magnetic 
amplifiers’ was devised to signify many 
of the varied circuits which utilized the 


‘Saturation properties of ferromagnetic 
materials to secure amplification. 


A large group of these amplifiers fall 


‘Paper 51-72, recommended by the AIEKE Elec- 
tronics Committee and approved by the AIEE 
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into a class called self-saturating circuits. 
The basic circuit of this type is the half- 
wave circuit shown in Figure 1. Varia- 
tion of the control current Jp) changes the 
d-e magnetomotive force of the reactor 
salled premagnetization, thereby vary- 
ing the output current. The rectifier in 
the load circuit causes a d-c component to 
flow which contributes to the core pre- 
magnetization thereby increasing the am- 
plifier output. These half-wave units are 
combined to give the more practical full- 
wave and doubler circuits 
Figures 2 and 3. In the full-wave circuit 
the current flows through one reactor 


shown in 


during the first half cycle and the other 
reactor during the second half, these cur- 
rents being added in the load resistor. 
The output of the doubler circuit is alter- 
nating; each reactor carries the output 
during alternate half-cycles of current 
flow. A d-c load current is obtained by 
inserting a rectifier in the circuit as shown 
in Figure 4. | 

The scope of this paper will be to pre- 
sent an approach to computing the load 
currents of a half-wave amplifier, and to 
discuss the various factors which affect 
these computed values. The general 
shape of the transfer curves (output cur- 
rent versus control current) of the full- 
wave and doubler circuits will be also 
briefly considered. 

The prediction of the output currents 
of a magnetic amplifier involves the solu- 
tion of a nonlinear differential equation 
similar to that of a simple series circuit 
consisting of a resistance and nonlinear 


inductance. Such an equation can al- 
ways be solved by means of numerical 
integrations,! but the computations are 
extremely lengthy. Another approach to 
the problem is to neglect the series re- 
sistance of the a-c circuit, thereby re- 
ducing the nonlinear equations to a 
simpler form’ which are more readily 
solved,” 
necessarily restricted to amplifiers with 
low load resistances. Other solutions to 
the problem which have led to reason- 
able results for the more sensitive mag- 
netic materials are one based on an ideal 
magnetization curve,°® and one based on a 
measured hysteresis loop of material.* 

The analysis to be presented in the 
paper is not limited to a particular type of 
magnetic material nor size of load re- 
sistance. 


The results of this solution are 


Straight-Line Approximation 


The basic method which is to be used in 
this paper was probably first introduced 
by A. Boyajian.° It consists in approxt- 
mating the magnetization curve by a 
series of straight lines such as shown in 
Figure 5. Over each region of the mag- 
netization curve, represented by one 
straight line, the reactor behaves like a 
constant inductance whose magnitude is 
proportional to the slope of this line. As 
the reactor magnetization varies from one 
region into an adjoining region, the equiv- 
alent fixed inductances changes abruptly 
from one value to another. 

Application of this ‘“‘straight-line”’ 
method converts the original set of non- 
linear differential equations for the par- 
ticular amplifier into several sets of linear 
equations; each set applying to one re- 
gion of the magnetization curve. These 
differential equations are readily solv- 
able, and the equation constants can be 
obtained by numerically satisfying the 


V sinut 


Figure 1. ~Half-wave circuit 
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Figure 2. Full-wave circuit 


initial conditions and the boundary con- 
ditions at the juncture of the various re- 
gions. 


Basic Assumptions in Analysis 


The following assumptions were made 
in this analysis: 
1. The magnetization characteristic of the 
core material can be represented by its 
normal d-c magnetization curve or if data 
is available and greater accuracy is desir- 
able by a curve based on values of H midway 


between the rising and falling curves of the 
d-c hysteresis curve. 


2. Hysteresis and eddy-current losses in 
the core are negligible. 


3. The rectifier can be represented as a 
switch having a very large constant resist- 
ance to reverse current and a small con- 
stant resistance to forward current flow. 
The reverse current of the rectifier actually 
consists of resistive leakage and capacitive 
current, the latter of which is neglected. 


4. A large choke is inserted in the control 
circuit to eliminate induced alternating cur- 
rent. 


Tests show that the first assumption to 
be reasonable as the computed values 
agree closely with experimental data. 
(It might be noted that the straight-line 
method could be applied to a hysteresis 
loop without too serious complication 
provided sufficient data were available 
for asymmetrical magnetization condi- 
tions.) The second assumption appears 
reasonable when low-loss magnetic ma- 
terials and thin core laminations are 
considered. 

The third assumption deserves much 
attention and its effect on the full-wave 
and doubler circuits will be discussed 
briefly later in the paper. However, in 
order to simplify the solution of the 
problem this assumption is made. 

The last condition of inserting a large 
choke in the control circuit is not essen- 
tial. It is made only in order to eliminate 
the effect of induced currents and thus to 
facilitate the presentation. The case of 
finite control circuit impedance is treated 
in reference 7. The case analyzed in this 
paper is approached in many practical 
amplifiers since in combined circuits the 
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Figure 3. Full-wave doubler circuit a-c output 


control winding is in series with the wind- 
ings of one or more other reactors which 
limit the induced currents. 


Analysis 


The fundamental equations for the am- 
plifier shown in Figure 1 are 


. do 
V sin ot =TaRo+ Nol 0-* 7 (1) 


E=])R, (2) 


where ¢ is the total flux passing through 
the power winding of V2 turns and can be 
represented as follows 


$=AB 
But from Figure 5 
B=B,+hH 


where p is the slope of the straight line of 
the region being considered, and 


H=Hy+Hz 


Differentiating ¢, and since Hp is constant 


A 

a ed (3) 
Also 

wee 

oe No o 


Now substituting equation 3 and 4 in 
equation 1 and solving the linear differen- 
tial equation, one obtains 


eke LE 
Tae sin (wt—6)+Ce wn (5) 
where 
10%] 
Ki= 
‘TAN? (6) 
7 VM (ER) + (on)? 
7 a an (7) 
Q), 
Le gee (8) 
108 
K= 
AN> (9) 


Equation 5 is the desired analytic re- 
sult which gives a-c magnetization Hp» 
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re i b 
Figure 4. Full-wave doubler circuit d-c output 


as a function of time over the particular 
region of magnetization having constant 
slope yw. The constant C is determined 
from initial and boundary conditions of 
the circuit and will be considered later. 
Reference 7 includes an analysis in which 
the effect of flux leakage of the reactor is 
also included. 


Initial Conditions 


At present, our interest lies in finding a 
steady-state solution for the amplifier. 
As noted before, the rectifier is assumed to 
act as a switch which possesses a high 
constant resistance to reverse current 
flow and a small constant resistance to 
forward current flow. During the nega- 
tive half of the voltage cycle, the load 
(reverse rectifier) current is very small 
and, since capacitive currents are neg- 
lected, is in phase with the applied volt- 
age. Hence, the reverse current goes to 
zero with the applied voltage. The ac- 
tion is illustrated in Figures 6A and 6B 
for a constant inductance in series with an 
‘ideal switch” rectifier. The rectifier 
resistance decreases suddenly from R, to 
R, as the applied voltage goes positive, 
and remains constant at this value until 
the forward current decreases to zero at 
some time f,, whereupon, the ‘“‘switch” 
opens and the rectifier resistance in- 
creases once again to R,. 

Since the load current is zero at the 
start of each positive half cycle of voltage, 
it is necessary only to compute the cur- 
rent over a single cycle to determine the 
steady-state response. 


Determination of the 
Constants of Integration 


The solution of the differential equa- 
tion contains an easily obtainable con- 
stant of integration for each region of the 
magnetization curve. Assuming the pre- 
magnetization Hp lies in region I as shown 
in Figure 5 and applying conditions that 
H,=0 at t=0 to equation 5 one obtains 


V 
Cr wee sin 61 ; (10) 


AIEE TRANSACTIONS 


| 


] 


where I subscript denotes the constant for 
region I. It is now possible to compute 


Hy or load current in the first region as a 


function of wt from equation 
V ESRe 
f= sin (wt—61)+ Cre om” (11) 
I 
At some later time wt=y,, H»=h,— Hp 
and the slope of the magnetization curve 
changes from pw; to wu. Equation 5 for 
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this region will then be 


V _Kik = 
Hy rican sin (wt—O1)+Cue Hn Revs) 
II 


(12) 


Now substituting boundary condition 
at wl=yY, equation 12 can be solved for 


Cry 


V 
Cn =/y— H)—— sin (yi —41r) (13) 
Zi 
This process is repeated until Hy has 
passed through each region, as shown in 
Figure 5. 


Experimental Verification of 
Straight-Line Method 


This procedure was tried on a Mu- 
metal cored reactor in a half-wave circuit 
with various values of load resistance and 
control current.’ The correspondence 
between the shape of the experimental 
and computed curves was very good. A 
typical result is shown in Figure 7. 


Figure 5. Typical representation of magnetiza- 
tion curve by three linear regions 


|. Region | with slope mr 
Il. Region Il with slope un 
Il. Region II with slope writ 


Simplification of Procedure 


While the detailed analysis just pre- 
sented is useful for computing a par- 
ticular output wave shape, it is rather 
tedious, especially if an entire transfer 
curve is to be calculated by this pro- 
cedure. Therefore, a simplified approach 
based on the same representation of the 
magnetization curve by linear regions 
was studied. 

The first attempts at reducing the 
computations of this procedure were 
based upon a 2-straight-line representa- 
tion of the magnetization curve. The 
results obtained were not too encouraging, 
but it became evident that if the proper 
slopes for each of the two regions were 
chosen, accurate values of load current 
could be computed. The problem of 
what slope to select was analyzed, and it 
was decided to utilize the average value of 
the slopes of the magnetization curve be- 
tween the value of premagnetization Ho 
and maximum magnetic intensity Hmax, 
for all positive values of premagnetiza- 
tion. Subsequent computations and the 
analysis shown in Appendix I indicated 
that this value of slope can be used to 
compute accurate values of load current 
of the amplifier. For example the average 
value of H, in Figure 8A would be com- 
puted on the basis that the reactor pre- 
sented a constant inductance determined 
by the value of the slope fay. Appendix 
I shows that this procedure while ap- 
proximate contains only a small error, and 
the comparison of computed values with 
test results indicated that this procedure 
is satisfactory for any case of positive d-c 
control current. 

It is then possible to compute the 
average value of output current for any 
case of positive premagnetization by 
means of a single straight-line region with 
a slope of appropriate value. 

However, it has been found that for 
negative premagnetization more accurate 
results are obtained by two regions of 


operation as shown in Figure 8B. In this 


{ 
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Figure 6A. Current flow in half-wave amplifier 
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Figure 7. Output current wave of half-wave 
amplifier with Mumetal reactor 


|. Control =16 milliamperes 
R,=100 ohms 

— — — computed curve 
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case the slope of Region I is determined 
by the average value between Hy and 
H=0, while the slope of Region II is the 
average value from H=0 and H,,,,. The 
case of negative premagnetization will be 
later described in detail. 

In order to exploit this method for 
cases of positive premagnetization it is 
now possible to draw a curve of slope pu 
versus H of a material. This is shown in 
Figures 9A and 9B for data taken on a 
Hypersil reactor. The curve of u versus 
H is not an incremental permeability or 
differential permeability curve, but is 
rather a curve of the slopes one would 
choose for consecutive regions of the 
magnetization curve. For example, re- 
ferring to Figure 9A, the initial slope 
chosen is located half-way between the 
two curves of the d-c hysteresis loop and is 
shown as 120X10* on the slope curve. 
From this initial maximum value of u the 
curve is made to approach, by the use of a 
straight line, the differential permeability 
curve of the material. It is now possible 
to represent the slope y by the function 


= pmax Ein (14) 


For the materials and reactors tested this 
equation becomes 


w=(1206-°""”+0.11) X10 for hypersil 
reactor 

uw =(136€—**" 40.046) X10? for orthonik 
reactor (15) 


L OF REACTOR 
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Figure 6B. Equivalent circuit of half-wave 
amplifier illustrating rectifier resistances 
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AVERAGE SLOPE 
UayFROM H = Ho TO 


Hmax 


Yn 


It must be understood that these equa- 
tions were determined from magnetiza- 
tion curves of the actual reactors and 
may differ somewhat from manufac- 
turers data. This procedure was fol- 
lowed to eliminate the introduction of 
extra errors in the computations of trans- 
fer curves. Nevertheless, these equations 
should be satisfactory for cores about the 
size of those tested. By proper considera- 
tions of the cores it should be possible to 
utilize the manufacturers data. In gen- 
eral the value of yu, and exponential 
term will vary with the geometry of the 
core and p,,;, is dependent upon the 
leakage fluxes which increase the satu- 
rated slopes of the magnetization curve. 

The average value of u over a cycle will 
then be 


if Hmax ie 
Se —a@ 
(Hmax€ + 
Hives —Hy Ho 


Kmax 


e (imax ae Aya 


eA tin 


Pmin @H 


[e —aHy __ 
(16) 
Average Value of Load Current 


In order to exploit the proposed method 
it is necessary to obtain an expression of 
H:,, for a single region of operation. It 
can be obtained from equation 5 by sub- 
stituting w= p,,. 


ee 1 wn V 
tay = eH —=8: 
ear : Z sin (wft—@)+ 


1 
Ce /tan 0 dwt 


(17) 


Also from equation 10 for a single region 
of operation and with 


Hy =O at wt=0 


V 
C= sin @ 
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Figure 8A (left). Operation on a 
single region with average slope 


Figure 8B (right). Operation on two 
slopes for negative premagnetization 


Substituting for C and integrating from 
vi =0 to Wn 


V 
== 


sav OnZ [ cos 6— cos (vn —6)+ 


sin 6 tan 6(1— vate) (18) 


It can be seen that if the value of yx 
which is the value of wt at the time Hz 
becomes zero is known, it is possible to 
compute the average value of H». For- 
tunately the exponential term in equation 
5 in a practical case is very close to zero 
by the time @/=yYn; therefore. 


Hy == sin (wt—6) 


Z 
as wt becomes large, and 
sin (v,—6) =0 

at H.=0, or 

Yn =180+80 (19) 
Substituting equation 19 into equation 
18 


V 
== Ee a— 


2nZ 
ae +6 
sin 6 tan dex € my )] 


Following a similar procedure for the 
case of H,=0 when wit=y,, then 


V 
He 55 E cos @— sin (¥:—6) X 
pa aha 
tan 6| l—e tan 0 )| (20) 


Equation 20 can be rewritten as below 


27ZH,, 
—— =1+ cos 6— sin (¥i—0) X 


V 
_ato—n 
tan 6| l—e are) (21) 


which function is shown plotted for vari- 
ous values of @ in Figure 10. The useful- 
ness of this set of curves will become ob- 
vious as one proceeds. 


Application to a 
Half-Wave Amplifier 


The preceding relations are applied to 
the computations of the output current 
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REGION I 
AVERAGE 

SLOPE Pav 
FROM H=Ho 


REGION IL 
AVERAGE SLOPE — 
BayFROM H=O TO Hyay 


of a half-wave circuit for all values of 
positive excitation in the following man- 
ner; 


1. Utilizing equation 16 calculate pay be- 
tween the value of d-c premagnetization Hp 
and Hyax. The value of Hinax May be com- — 
puted by assuming that the maximum cur- 
rent is determined by V/R2, or if greater 
accuracy is desired, by Hinax=V/Z where 
Z is the value obtained from equation 7 
when min is substituted for pu. 


2. With value of »,, just determined, cal-— 
culate Z and @ by means of equations 7 
and 8. Knowing 6, the value of 27ZH,..,/V 
is found from curve of Figure 10 for case — 
of VY =(, 


3. The value of Hay can then be com- — 
puted, and hence current J; by means of 
pa Tiel 

ne 


q 
This process is comparatively simple, — 
but for accurate results the determination — 
of R, must be given further considera-— 
tion, as it includes the nonlinear resist- 
ance, R,. The method used to compute 
the value of R, is outlined in reference 5. 
In general, this procedure consists of — 
drawing a load line on the rectifier for- 
ward a-c volt-ampere characteristic. This 
curve is a plot of the average alternating 
volts over the forward half cycle versus 
the average current in the forward cycle. 
The intersection of the load line and the 
characteristic curve gives a point of opera- 
tion of the rectifier. The value of re- 
sistance computed by this manner cor- 
responds to that which exists while the 
magnetic intensity passes through the 
saturated region of the magnetization 
curve. 


Negative Premagnetization 


For negative premagnetization (nega- 
tive values of Ho) the computation of the 
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Figure 9A (left) 


D-c_ magnetiza- 


tion loop for 
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Figure 9B (right) 
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output curve is not quite as straight- 
forward, because the two regions of the 
magnetization curves shown in Figure 8B 
must be considered. For simplification it 
can be assumed that the output current 
that flows before wt=y,, at which time 
H=H)+H,=0 does not contribute ap- 
preciably to the average value. A rep- 
resentative curve of H versus wt for this 
case will then be as shown in Figure 11. 
Actually current starts flowing at w/=O, 
but its magnitude is very small; there- 
fore, the operation below H=0 can be 
considered as operating on a steep sloped 
region. The value of , can be determined 
by substituting in equation 5 as follows 


V V out Ya 
H.=H)=— sin (¥i—61) +— sin Ore tan ai 
Zi Zi 


But since for a steeply sloped region the 


_ value of 6; is very close to 90 degrees, this 


can be substituted for 6; and then solving 
fory 


“v= cos(1-27) 
: V 


The problem remaining is to determine 
an adequate value of slope mu; for the 
negative region of operation. 

In Figure 12 a ‘curve of the variation of 
p with excitation which was found to give 
good results is shown. This shape was 
obtained from d-c hysteresis loop illus- 
trated in Figure 9A. The value of u,,,x 
is determined by the maximum slope 
which is constant to H=—h’, and then 
decays as exponential curve which ap- 
proximates the differential permeability 
curve as did curve of Figure 9B. Value 
h’ is chosen as the point at which the 
magnetization begins to deviate rapidly 


(22) 


from linearity. 


The procedure for computing the out- 


_ put current for negative control excita- 
_ tions then proceeds as follows: 


1. From equation of curve of Figure 12 
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x—point on p= 
24 (12027978 oa. 3 
011103 


compute average value of 1 from H=/1, to 
H=0. 

2. Use equation 7 to determine Z for 
this region. 

3. Solve for angle y, by means of equa- 
tion 22. 


4. With average value of » between H=0 
and Hysx compute value of Zi1 and @1 by 
equations 7 and 8. 


5. Determine value of 27ZH),,/V from 
curve of Figure 10 and values of @;; and 
just computed. Using the value of Zj, 
found in the preceding step determine 
Jaber and Io. 


Experimental Verification of 
Simplified System 


The transfer curves for two reactors 
computed by this method are shown in 
Figures 13 and 14. One of these reactors 
was constructed of Hypersil and the other 
of Orthonik, and it can be seen that the 
accuracy of the computations was satis- 
factory in either case. The curves shown 
are for two values of alternating supply 
voltage. 


Full-Wave and Doubler Circuits 


The half-wave circuit which has been 
analyzed to this point has limited ap- 
plication because of the high induced cur- 
rents in the control circuit, and its com- 
paratively low amplification; neverthe- 
less, the formulas and the theory de- 
veloped can be utilized for the full-wave- 
type circuits shown in Figures 2, 3, and 4. 
These full-wave and doubler circuits have 
the advantage of higher amplification and 
low induced currents in the control cir- 
cuit, and are in general more “‘practical’’ 
circuits. 

A brief study of these circuits reveals 
that they basically consist of two half- 
wave magnetic amplifiers coupled through 
a common load. With this knowledge 
one would consider adding the average 
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output currents of the two half-wave am- 
plifiers to obtain the load current of the 
doubler and full-wave amplifier circuits. 
Fortunately this procedure is approxi- 
mately correct. However, detailed anal- 
ysis of the functioning of these circuits 
also reveals two predictable effects which 
alter their output. A computation in- 
cluding these effects will give more ac- 
curate current values for these ampli- 
fiers. 

Figures 15 and 16 show output of full- 
wave and doubler circuits compared to 
double the output of a half-wave am- 
plifier for both Hypersil- and Orthonik- 
cored reactors. It is seen that the output 
of the doubler is greater than the full- 
wave and double of the half-wave circuit. 

The curves for the amplifier with Ortho- 
nik cores show that the difference in load 
current of the full-wave and doubler cir- 
cuits is small. Therefore, when reason- 
ably good rectifiers are used double the 
output of two half-wave amplifiers should 
give an accurate indication of the output 
of either of these amplifiers. The curves 
for the Hypersil-cored amplifiers show a 
greater variation between the full-wave 
and doubler circuits; therefore, the rela- 
tions which affect these amplifiers must 
be considered. There are apparently two 
factors which influence their operation: 


1. Reverse current through rectifiers. 


2. Overlap of the conduction period of 
each reactor, which results in simultaneous 
conduction of both reactors. 


Each of these effects will be discussed 
separately. 


Effect of Rectifier Leakage 


This problem has been analyzed thor- 
oughly by E. Smith in reference 9. 
Briefly, the rectifier leakage current has a 
demagnetization effect upon the cores. 
The listed reference develops three equa- 
tions whicherelate-the-average value of 
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Figure 10 (left). Curves 
for obtaining average 
load current H, 


Figure 11 (right). Wari- 
ation of H, for case of 
negative premagnetiza- 


tion 


Figure 12 (right). Curve 


of slopes for negative 
premagnetization 


Curve | equation. 
ist 

ML = Mmax€ & Siren 

Curve II equation. 


[= pmaxe 2 —* 4 


Mmin 
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rectifier voltage during the inverse cycle 
to the amplifier output current. These 
formula are: 


Half-Wave Amplifier 

Von =2I1p Rp+r+Ry) 
Full-Wave Amplifier 

Ven =21/(2R,+r+Ry) 


Doubler Amplifier Vz, =2/;(r+Ry) (23) 


where 


Vrn=average value of rectifier voltage dur- 
ing the reverse cycle 

Iy=average value of forward current flow 
in the rectifiers 

y=resistance of the reactor windings 

R;=forward resistance of the rectifiers 

R,=load resistance 


By means of suitable curves which 
data may be taken on the rectifiers, the 
average value of reverse current J; p may 
be found. The magnitude of this de- 
magnetizing current J¢p referred to the 
control circuit may be computed by 
Ne 


if 
N LD 


Icep= (24) 
It is then assumed that the entire ef- 
fect of the leakage current is to demag- 
netize the core, and therefore a higher 
value of control current J’ is required to 
maintain the same output. Hence 


Io’ =In+Jep 
In order to correct for rectifier leakage 


it is therefore only necessary to determine 
Icp by means of equations 23.and 24 for a 


(25) 
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particular value of output current cor- 
responding to a control current Jo. This 
point is then shifted to a value of control 
current Jo’ computed by equation 25. 

It can be seen from equation 23 that 
the value of V,, and hence the effect of 
leakage, is greatest for the full-wave am- 
plifier. It is less on the half-wave, andis a 
minimum on the doubler circuit. 


Effect of Overlap or Dual 
Conduction 


Overlap in a magnetic amplifier is 
illustrated in Figure 17; current flows in 
reactor B until wt=yYm so, that both re- 
actors are conducting simultaneously. 
Reference 8 contains a detailed analysis of 
the effect of overlap in a full-wave am- 
plifier based on three straight-line re- 
gions. 

In the half-wave amplifier, current 
starts flowing essentially in phase with the 
beginning of the positive half cycle of the 
applied voltage. Referring to Figure 17 
it is seen that this does not hold true for 
the full-wave amplifier, but rather in each 
reactor the current lags the voltage by 
angle 8. This lag is caused by the dual 
conduction of both reactors, since the 
current flowing in reactor B causes a drop 
in the common load resistance. This 
drop subtracts from the applied voltage 
in the loop of reactor A. 

The magnitude of angle B can be de- 
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H, ASSUMED ZERO BETWEEN 
wtzo Ba wt =¥, 


termined by considering the conditions 
at wt=8. Since current flow in reactor A 
is imminent, the voltage across rectifier 
R, is zero. Therefore the following equa- 
tion may be written concerning the mesh 
of reactor A 


V sin B—In2Rz, =() (26) 


where Jo is current in reactor B at wt=B 
Rearranging and introducing 


F221 


Lo. = 
q No 


equation 26 becomes 


FZx21Rz 


V sin B= N 
2 


(27) 

The problem is now resolved into de- 
termining the value of Hz: at wt =, which 
problem is somewhat tedious if an exact 
solution is attempted. Since the value 
of B is usually of the order 0 to 30 de- 
grees, only a small error will be intro- 
duced if Hy. is computed for wt=0 (180 
degrees of cycle of Reactor B). The pro- 
cedure for calculating the value of 8 and 
its effect, then reduces to the following: 


1 Compute Hx» by means of equation 5 
for a single region of operation and substi- 
tute the value of C shown in equation 10 in 
order to obtain 


V = Saige 
Ao. = J sin (n—0) +e wy av | 


where pay is the average slope as computed 
for half-wave amplifier. 


2. Using this value of Ho calculate B by 
means of equation 27. 


3. Now proceeding as in half-wave ampli- 
fier find the value of 27ZH,,/V from curves 
on Figure 10 considering 6 as a delay in 
conduction similar to angle yi. It is now 
possible to compute H2,, and Jz as previously 
outlined. 


‘ 
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Figure 13. Transfer curves for half-wave 
amplifier with Hypersil core-load resistance 
R,=15 ohms 


experimental curve 
X = -- xX computed curve 


These corrections were applied to a 
full-wave amplifier with the results shown 
on Figure 16. The complete procedure 
for calculating two points on the transfer 
curve is outlined in Appendix II. 


Conclusions 


The analysis proposed in this paper 
offers a rapid means of computing the 
transfer curves of self-saturating mag- 
netic amplifiers. The accuracy of the 


Figure 15. Transfer curves for full-wave 
amplifiers with Orthonik cores 


Load resistance = 80 ohms 
rms a-c supply voltage =60 volts 
x=two times computed half-wave amplifier 


Output 
Curve I—Experimental curve of doubler circuit 
Curve |l—Experimental curve of two times 
half-wave circuit 
Curve |I|—Experimental curve of full-wave cir- 
cuit 


2 3 
AMP. 


results in comparison with tests is satis- 
factory. The method developed prom- 
ises to offer a straightforward design 
procedure for self-saturating magnetic 
amplifiers. 

A problem which was not discussed but 
which can be analyzed by this method is 
the inclusion of inductance in the load 
circuit. If this load inductance is con- 
stant, its effect can be predicted by 
merely increasing the slopes of each re- 
gion of the magnetization curve. A pos- 
sible exception to this is the full-wave 
circuit which may have trigger action with 
inductive loads. 


Appendix | 


The basis of the simplified straight-line 
method lies in the fact that an average 
value of the slopes of the regions of opera- 
tion may be used to compute points over a 
large range of the transfer curve. The 
justification that the method gives an ap- 
proximate solution to the problem will now 
be shown. Consider the curve of a-c 


ampere-turns per inch versus wt as shown in 
Figure 18, where operation over four regions 
is illustrated. 

If it is now proven that the value of Hogy 
may be computed by an average value of pv 
for two regions of the magnetization curve, 


foes | Ww .25 
oO 60 VOLTS 
| Sito .45— 
Scares wag oes a eae 
we 
fee ae | 
ea ee: ae jae 
+ Me | Ate ve 40 VOLTS 
4 a 
{ zee Lone | Al 
aii | 
' 05 + — +- 
{ 
| eel ‘ — 
= 20. ae ie 04 0 04 12 20 
CONTROL CURRENT - AMP. 
Figure 14. Transfer curves for half-wave 
amplifier with Orthonik core-load resistance 
R;,=80 ohms 


experimental curve 
X - - X computed curve 


then the operation over a number of regions 
can be thought of as consisting of combina- 
tions of two regions. For example, if this 
is true for regions I and II, they may be 
combined into single region with slope pay, 


Figure 16. Transfer curves for full-wave 
amplifiers with Hypersil cores 


Load resistance R,=15 ohms 
rms a-c supply voltage =100 volts 


Curve |. Experimental curve of doubler 
circuit 
Curve Il. Experimental curve of two times 
half-wave circuit 
Curve Ill. Experimental curve of full-wave 


circuit 
O=Computed value of two times half-wave 
amplifier output 
@ =Computed value of two times half-wave 
amplifier output corrected for overlap 
*—(Computed value of two times half-wave 
amplifier output corrected for overlap and 
rectifier leakage 


= 
L 


TL 
AVERAGE AMP 


12 -20 a8 
CONTROL CURRENT- AMP. 
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“DUAL 


V sinut 


which in turn may be combitied with a 
region with average pay of region III and IV. 
In a similar manner the regions may be 
combined until the complete cycle of varia- 
tion of Fz is considered. 

Proceeding by substituting equations 3 
and 4 in equation 1, and then rearranging, 
the differential equations for each region 


VE LH; 
An=— - ge a Re (28a) 
Ky Re Rs re dt 
VK LE; 
Foy =—>— sin wt — Be (28b) 
K,R» Ry Ki dt 


where the constants K and Ky, are given in 
equations 6 and 9, and the subscripts I 
and II indicate region of operation. 

The average value of Fl, for operation 
through the regions I and II can then be 


1 dH, 
ae ‘a di << 

ee sin Sa ae a t (29) 
Now 
ee ean 

dt 
and 
doi 


a dt=dHyt (30) 


which can be substituted in equation 29 
with the result that 


il VK 
Hw 4 R ‘(cos Yo— cos Yo) — 
rari Ton Hw lz aR lead Hy 


(31) 


Referring to Figure 18 it is seen that, by 
choosing the increments of Hy equal to AH, 
the analysis is not restricted since the time 
in each region varies to conform to the 
actual curve. Then substituting this fact 
in equation 31 and allowing 
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CONDUCTION 


Figure 17 (left). 
Output current 
of full-wave am- 
plifier illustrating 
overlap or dual 
conduction 


AY/IN 


T, REACTOR 


He 


ae 


4} 


REGION I~ 


wt Figure 18 (right). 


General _varia- 
tion of output 
magnetic inten- 
sity H, through 
several regions 
of magnetization 
curve (utilized 
in analysis of 
Appendix 1) 


mi eit 


5 = Mav 
4 


it becomes 


pan! Fac 
ch Sil eee cos Yo 


Mav 
Ky, Ry 


Ve bee cos 2) — 


-(Hy,— Hy) | (32a) 


Using the average value of « and com- 
puting the average value of Ho, considering 
as a single region, a similar equation is 
obtained, This equation can be written 


1 e 
Foay —_ a3 [ ne 
Yo-Yo LKi Re 


(cos Yo— cos yo')— 


Hav 
Ky R» 


(Hy Hy) | (32b) 


Equations 32a and 32b would be exactly 
equivalent if the value of ¥2 computed by 
the two region calculation equaled the 
value of y.’ computed by means of one 
region. It now remains to be shown that 
¥2 computed by both methods are very 
nearly alike. 

If we assume the values of AH are taken 
of such magnitude that the variation of H 
versus w/ is nearly linear in each region then 


wihH 
Ye 


This value for dHy1;/di can be substituted 
into equation 28) which can be written for 
wt =. as 


dH wAH dion 
———— and ——— = 
“dt 7 — Yo dt 


VE 


14\2 


Hy, =Hyy+ 24H = x 


_AH 
Ki R2 hy, 


Solving for sin ¥2, and writing as follows: 


sin yo— 


i K\R, 
sin Yo= VR 7K Ayy+24H+ 


our prt ) AH = om a t2— wo 
KR (ya—y1) v2— Wo | Sey 


Now letting 


v2— Yo = (v2 vr) + (i —yo) 
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and 


mitt 


2 


Mav = 


and substituting 


KiRs Qeopav AH 
sin har | mut2anrt area 


2—~ Yo 
KiR» ee aH 6 = 
VK Yo-Yo \Ye-h 


AH . 
—— ] (34) 
yo 
Computing sin y2’ by means of the aver- — 
age value of « over both regions one obtains 
AH 
aise | (35) 
Y2—Yo ; 


Comparison with equation 34 shows that 
sin Ye may now be written as 


sin Yo’ = 


Rs 
Hy+2A4H 
VE | vot ae 


sin Yo = sin yo’ + Error (36) , 


Analyzing and rearranging the equation 
for the error 


KiRe [ ete emtet) 
VK Y2=Wo)(y2— 


Error = 
AH (37) 


This error is self-compensating in that 
when py; is large ~2 —yY is large, and similarly 
when py is large yi —Yo is large. The magni- 
tude of the error is dependent upon two 
values which tend to be equal, and hence 
Hy, as computed by equations 32a and 
326 are nearly equal. 

Thus, it has been shown that the average 
value of the slope of the magnetization curve 
may be used to compute an approximate 
value of H»,,. This method was tried and 
it was found to be accurate for all values of 
positive premagnetization. 


Appendix Il 


CALCULATION OF SAMPLE POINTS ON 
TRANSFER CURVE REACTOR DATA 
Material = Hypersil 
1=11.5 inches 
A =1.64 square inches 
N2=276 turns 
N,=100 turns 
r=1.4 ohms 


AIEE TRANSACTIONS 


i 


Computing parameters K and K, by 
equations 6 and 9 


K, =9.21 X 108 
K=2.21X10° 


Test 1. Harr-Wave Crircuir 


_R,=15 ohms 


.. 


Fy=0 
V=100 volts rms 


By method of reference 10 the forward 
resistance of rectifier is 3.6 ohms; therefore, 


R,=15+3.6+1.4 =20 ohms 


and Hmax=V/Z. Assuming » =0 in equation 
7 this reduces to 

VK _ 141(2.21)108 

K,R: 9.21X10%(20) 


= 169 ampere- 
turns per inch 
By equations 15 and 16 for Hypersil 


120 


oe | c- 9 — 0. 7(109) } 1-011 
mm ‘sams € let |x 


10?=1.11 X10? 
Computing Z and 6 by equations 7 and 8 


Z=2.07 
6=66 degrees 10 minutes 


Determining point corresponding to 
6=66 degrees 10 minutes on the y, =0 curve 
on Figure 10 


V 
Solving for H,,, and I, 
Hoay =35.4 I,=1.47 amperes 


=3.25 


Test DB 


Same as Test 1 except Hp= —0.5 ampere 


turns per inch, : 


For Hypersil h’ of Figure 12 correspond- 
ing to —0.5 ampere-turns per inch; there- 
fore, vay of negative region is 120 10%. 

By equation 7 solve for Z but since 


eom>>KiR2 


em 377(120X 108) 
: =— = —___—__ = 2 
q K 221x108 


Solving for y, by equation 22 


wer ()= 2081) 


141 
=74 degrees 10 minutes 


Locating point on Figure 10 correspond- 
to this value of y, and the @ of case of 
=0 


lich when solved for Hy, and Ip results in 
0.833 amperes. 


EST 3. Fuit-Wave Circuit 


0 
=15 ohms 
100 volts 


Correction for Overlap 


Compute Hy» for wt = 180 degrees by means 
of equation 5 


H ad ls Pegyaees AZ 
22 =—— | sin (r— 2.27 
soRe Ty Parad : 
=79 ampere-turns per inch 

Solving for 8 by equation 27 


79(11.5)(15) 
=———— =(.00447 Hi; 
1 B=" 141(276) : 
where 
B=20 degrees 40 minutes 


From Figure 10 


and hence J,=1.88 amperes; J, for full- 
wave circuit will then be 2.76 amperes. 
Correction for rectifier leakage is computed 
for this same amplifier in reference 9. 


Appendix III 


List of Symbols 


Bais avis Cross-section of core, square inches 
Bares Flux density, kilolines per square inch 
B,.... Flux density at intersection of slope 


line of a region and B axis, kilolines 
per square inch 


C.....Constant of integration, ampere- 
turns per inch 

Ime dh Direct voltage on control windings, 
volts 


H..:.,Total magnetic field intensity, am- 
pere-turns per inch 
HH»... ., Magnetic field intensity due to load 
winding, ampere-turns per inch 
Average value of magnetic field in- 
tensity due to load windings, 
ampere-turns per inch 
Hy... . Magnetic field intensity produced by 
direct current in control winding, 
ampere-turns per inch 
.Maximum value of 17, ampere-turns 
per inch 
ins. Magnetic field intensity at juncture 
of the » and m—1 regions; n=1, 
2,...m, ampere-turns per inch 
Equivalent demagnetizing control 
current due to rectifier leakage, 
aimperes 
Iy.... Average value of forward rectifier 
current, amperes 
_ Average value of reverse rectifier cur- 
rent, amperes 
Derr Current in load circuit, amperes 
Hiveenc D-c value of current in control cir- 
cuit, amperes 
Io’....D-e value of current in control cir- 
cuit corrected for rectifier leakage, 
amperes 
K....Composite parameters, square-inches 
X seconds-squared 
K,....Composite parameters, square-inches 
seconds-squared 


Ge oa Length of magnetic flux path in core,. 


inches 
N,....Turns on control winding, turns” 
N»....Turns on load winding, turns 
Ta dh Resistance of reactor load winding, 
ohms Durie 
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Ry... . Forward resistance of rectifiers, ohms 
Ry,....Load resistance, ohms 


R,.... Reverse resistance of rectifiers, ohms 

Rz.... Rectifier resistance, ohms 

R,....Series resistance of control circuit, 
ohms 

Ry... . Total series resistance of load circuit, 
ohms 

\ gece: Maximum value of applied alter- 


nating voltage, volts 
Vrn.. Average value of rectifier 
during reverse cycle, volts 


voltage 


Z.....Composite parameter, ohm-inches 
per turn 

Bee ves Apparent current lag caused by dual 
conduction, degrees 

Os. ee Constant used to match w curve 

6n....Phase angle of inductive lag in region 
n, degrees 

¥Yn.... Angle at which transition from region 


n to region n—1 occurs; n=1, 
2,...%, degrees 
arene Total flux linking the load winding, 
kilolines 
dp/dt.. Time derivative of flux, kilolines per 
second 
Hn....Slope of magnetization curve in 
region 7, kilolines per ampere-turn 
per inch 
May... Average slope of magnetization curve 
over number of regions, kilolines 
per ampere-turn per inch 
.Maximum slope of magnetization 
curve, kilolines per ampere-turn 
per inch 
Hmin--.Minimum slope of magnetization 
curve, kilolines per ampere-turn 
per inch 


Mmax + + 
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The Effects of Loads and Disturbances 
upon Feedback Controllers 


R. W. JONES 


MEMBER AIEE 


Hi FUNCTION of many industrial 
Wee: systems is to hold some 
process quantity (current, speed, voltage) 
at a reasonably constant value in the 
face of a diversity of disturbances which 
otherwise would cause that quantity to 
vary with time in an unacceptable man 
ner, As 
back controller of the proportional type 


usually conceived, such a feed- 


appears as in Figure 1, in which the regu- 
lated quantity, %4, is compared with a 
standard or reference quantity, «*, and 
the “error,” x, is used to produce a cor- 
rection of such a sign as to reduce the 
error, 

found that in 
many systems of the type under dis- 


cussion the standard used to set the level 


However, it will he 


of the regulated quantity frequently is 
not observable, and in many cases is even 
inaccessible, The eriterion of good per- 
formance is that the regulated quantity 
remain within bounds in the 


presence of all disturbances to which the 


certain 


components of the system may be ex- 


posed, In this light, the actual error ex- 


isting at any time is of no consequence, 
‘This situation is in contrast with that in a 


servomechanism, or position regulator, 


int which it is desired that the difference 
between the standard (now the input 
quantity) and the output position be 
kept at a minimum, 


Paper $1673, recommended by the AINMM Feedback 
Control Systems Committee and approved by the 
AIWM ‘Teehnieal Program Committee for presenta- 
tion at the AIM Winter General Meeting, New 
Vork, N, ¥., January 22-26, 1051, Manuseript 
submitted October 20, 1950; made available for 
printing December 14, 1050, 


kh, W, Jonna is with Northwestern University’ 
Vvanaton, HL, 


‘The author wishes to thank HW, W, Cory and A, C’ 
Havin of the AlliseChalmers Manufacturing Com- 
pany for their helpful discussion of this problem, 
and for thelr permission to use the example dis- 
cussed In the section on nonlinear eases, 
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The above comparison should indi- 
cate that in a so-called industrial regu- 
lator the principal problem is that of 
minimizing any change in error, whereas 
with a servomechanism the problem gen- 
erally is one of minimizing the error it- 
self. 

Furthermore, many industrial regu- 
lators are applied to situations in which 
the system gain is determined principally 
by limitations on the change in the 
steady-state value of the regulated quan- 
tity (frequently expressed as percentage 
accuracy), and the system must be suit- 
ably compensated to give satisfactory 
transient performance with this value of 
gain. With servomechanisms in which 
the steady-state positional error is theo- 
retically zero, the question of gain is 
largely (but not exclusively) one of satis- 
factory transient characteristics or of 
minimum error with certain types of in- 
puts, Although the subject of system 
disturbances and loads, and their effect 
upon controller design, has been touched 
upon in the literature,'? it does not ap- 
pear to have been covered adequately. 
It is the purpose of this paper to develop 
the necessary concepts for the determina- 
tion of gain in a feedback controller, 


Discussion of Typical Loads and 
Disturbances 


It is the object of this section to de- 
seribe certain typical disturbances such as 
are encountered in systems of the type 


Figure 1. Block 
diagram of a feed- 


back control sys- 
tem, _ proportional 


type 
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under discussion, and to point out in par-_ 
ticular that a qualitative description of 


such disturbances does not give an ade- 


quate picture of the quantitative aspects — 


as they arise in system design. Consider, — 
first, a number of disturbances classi- 


fied for convenience as regards their loca- 
tion within the system. 
Input disturbances are defined as those 


which affect the magnitude of the stand- 


ard or reference which is used to set the — 


level of the regulated quantity. 


is held constant, but random variations in 
its value will be reflected directly in the 
regulated quantity. 


In, them 
systems under discussion, this standard — 


Caehies 


Load disturbances are defined as those — 


demands upon the system which change ‘ 


the power level of the output, and as a 
consequence change the magnitude of the 
regulated quantity. An impedance con- 
nected across the terminals of a generator 
or a resisting torque impressed upon the 


shaft of a motor are obvious examples. — 


These are sometimes referred to as de- 
mand disturbances. 

Internal disturbances are defined as 
those changes in the several components 
of the system which effectively alter the 


magnitude of certain parameters. In the — 


usual analysis these parameters would be 
considered as constants. The heating 
of a field winding and the change in speed 
of a generator may be cited as examples. 

In order to see more precisely the ef- 
fect of these disturbances ‘it will be de- 
sirable to examine a few cases in some 
detail. Most of the following discussion 
will be directed toward the calculation of 
system gain required to maintain the 
regulated quantity within some per- 
centage of its set value. With this an ob- 
jective we shall be concerned primarily 


with the steady-state relations, although 


it will be of interest to point out certain 
aspects of the corresponding transient re- 
lations. 
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- between- the generatéd ‘and ‘field voltages i 


Figure 2. Separately excited d-c generator 


\\ 


CASE 1. FIELD HEATING Of A D-C Suunt 
GENERATOR 


Figure 2 shows a separately excited 
generator assumed to be operating at a 
constant speed, together with two repre- 
sentations of its magnetization curve. 


Using the quantities defined in this 
figure one may write 
Ey=Ryl y+ Lyply (1) 
E, =a+bly (2) 
and upon eliminating J, 
ie (3) 
i 
Ry+Lyp 


It will be seen that equation 2 makes use 
of a straight-line approximation to the 
magnetization curve, at the point I,, 
io: 


In order to make a transient study of 
this machine one would assume small 
changes about this operating point. This 
would be done by expressing each of the 
variables as the sum of its equilibrium and 


incremental values. Thus 

=Eyotey (4) 
Ey =Ego+e (5) 
Tp=Ijo+ts (6) 


in which the subscripts 0 denote the 
equilibrium values and the lower case 
letters the incremental values. The rela- 
tions between the equilibrium values, 
found by setting all derivatives and incre- 
mental terms equal to zero are 


Epo=Rylpo | (7) 
Ego =a+bl yo (8) 
b 
Ego = 0+ = Ero (9) 
Gj 


Furthermore, if equations 4, 5, and 6 are 
substituted into equations 1 and 2, and 
the equilibrium relations (equations 7 and 
8) subtracted therefrom, one obtains the 


incremental relations 


(10) 
(11) 


It thus is seen that in terms of the equi- 
librium or ‘‘quiescent” values the relation 


Q= bis 
er = Ryty + Lypiy 
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D-c shunt motor 


Figure 3. 


is that given by equation 9, whereas for 
the incremental values the relation is 


=e (12) 


It is apparent that equation 12 is the one 
normally used as the transfer function 
for a d-c generator, and that equation 9 is 
quite different from it. It should be men- 
tioned that the value of L, to be used in 
equations 11 and 12 is the incremental 
inductance at the operating point. 

The effect of field heating and a con- 
sequent increase in the field resistance 
may be seen from the above relations. A 
change in Ry, will change the slope of 
equation 9, but not the intercept. In 
equation 12 a change in Ry will affect 
both the magnitude of this relation and 
the time constant. 


CASE 2. CHANGE IN SPEED oF A D-C 


GENERATOR 


The prime mover driving the generator 
in Figure 2 may exhibit a change in speed, 
either from the effect of loading or from 
some other cause. The relation between 
the machine flux and the field current 
(Figure 2C) will be approximated by a 


straight line as before; that is, 
¢=a'+b'ly (13) 
and therefore 

Ey =a'KQ+b'KQly (14) 


Proceeding as before, the following equi- 
librium and incremental relations may be 
found 


| b/KQ 
Eqo =a'Ka4+— 


Peed (15) 


f i 

L 

Figure 4. D-c generator with constant imped- 
ance load 


b/'KQ 
Bs 
ey = 5s 


1+ 


(16) 


It is concluded from the above relations. 
that a change in speed appears as a change 
in both the intercept and the slope in the 
equilibrium.relation, and as a change in 
the magnitude only in the incremental 
relation. 


Case 3. D-C Suunr Moror 
Constant TorouE LOADING 


WITH 


3 is assumed to 
The 
voltage and torque equations for this 


The motor of Figure 
have a constant field excitation. 


machine are 
(17) 
(18) 


in which K is the counter electromotive 
force constant, Ay is the torque constant, 
and J is the polar moment of inertia of 
the motor. The resulting equation of 
motion is 


V=RI+LpI+KoQ 
Kyl _ Ty +JpQ 


arta Gime VKy R Ly 


19 
a ee us) 


prot “a+ 
Writing each of the variables as the sum 
of an equilibrium and an incremental 
value as before, the following two ex- 
pressions may be obtained. 


Aa V—RT, (20) 
K Ky 1 Kg 

prot, “pot re ome (21) 

Examination of the above equations 


shows that the constant torque loading 
does not affect the incremental relation 
and contributes a constant term to the 


Nomenclature 


a, a’, b, b’=constants 

E, e=voltage 

J, i=current 

J=polar moment of inertia of motor and 


load 

K=motor counter electromotive force con- 
stant 

Ky=motor torque;constant » vy 


k=system gain 
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L=inductance 


m=k'/k 
N=number of turns 
re 
dt 


R=resistance 

Tx =load torque 

V, v=voltage 

* = process variable 
x*=reference quantity 


0 gpefiux 


Q, w=angular velocity 
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equilibrium relation. In addition it will 
be seen that a change in excitation of the 
motor will alter the value of both K and 
Ky. This would change both the slope 
and the intercept of equation 20 and the 
magnitude of two terms in equation 21. 


Casp 4. D-C GeNERATOR UNDER LOAD 


In Figure 4 is shown a d-c generator 
feeding a constant impedance load. The 


following three expressions are self- 
evident. 
Zz E, 
E,=a+b (22) 
OT RAL GP 
V=E,—Ral—Lopl (23) 
Ey =(Rat+R)I+(Lat+L)pl (24) 


The equilibrium and incremental relations 
are 


V, tue ae E 25) 
beep \e eae ‘ 
ig L 
RatR Retro b/Ry 
v=| - — — er (26) 
1422 +L es 
R,+R? Ry 


If the above two equations are compared 
with equations 9 and 12 for the unloaded 
machine, the effect of the load may be 
clearly seen. In particular, the incre- 
mental relation will be seen to be of an en- 
tirely different form from that derived 
for the unloaded generator. 

The preceding examples should indicate 
that any qualitative discussion of dis- 
turbances such as that which introduced 


this section is of little practical value. 
Rather, a classification of these disturb- 
ances on the basis of their analytical im- 
plications would appear to be more to the 
point. This is done in the following sec- 
tion. 


Analysis of the Effect of 
Disturbances on the 
Steady-State Values 


It is now evident that disturbances to 
the system result in such modification of 
the equilibrium relations that one is, in 
effect, concerned with two different sets of 
equations. The problem at hand, then, 
has to do with the variation in the solu- 
tion of a system of equations, when that 
system is modified in some particular 
manner. For concreteness, consider the 
3-component system of Figure 1, for 
which the following equilibrium relations 
may be written. 


Xe =a, + b,x) (27) 
X3 = dot boxy (28) 
X4 =A3+d3x3 (29) 
Xy =x*— x4 (30) 


The preceding equations assume that for 
each component a linear approximation is 
used to represent the relation between the 
input and output variables. A study of 
this system of equations in the light of the 
examples discussed previously reveals 
that one might expect any of the following 
changes to occur as the result of some 
disturbance. 


Figure 5 (left). Gain re- 


quired in a proportional 
regulating system 


Figure 6 (below). Cur- 
rent-regulating system 
using a _ buck-boost 


generator 


REFERENCE 
FIELD 


CONTROL 
FIELD 


x! 
PER CENT ACCURACY - (I - x) 100 
: 4 
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a EXCITER 
“— &) 


1. A change in the value of one or more 
coefficients. / 


2. The addition of, or change in, the con- 
stant terms in the several equations. 


3. The addition of one or more equations 
to the existing system of equations. 

The preceding system of equations may 
be solved for x4. 


5, bybybsx* + a1b2b3 ++ d2b3 +a; 


31 
1+dibsbds ey 


X4 

Equation 31 reveals that the inter- 
cepts (a1, a2, and so forth) contribute to 
the magnitude of the regulated quantity 
(x4) in the same general manner as does 
x*, except that the contribution of any 
one intercept depends upon the gain be- 
tween that component and the regulated 
variable. Furthermore, x, will have a 
value other than zero even though x*=0, 
in which case the several intercepts act as 
reference quantities to set the level of «4. 
However, in this case it still is necessary 
to include within the system a means for 
reversing the sign of the error (equation 
30), which is, of course, required to pro- 
vide regulatory action. 

The application of equation 31 to study 
the effects of disturbances is not quite so 
straightforward as it may appear. This is 
because a change in any one of the a’s or 
b’s in this expression will, in general, 
change the operating point and thus bring 
about a change in all the other terms. 
There is one special case which is of some 
interest. Let 


a, =a, =a3 =( 
then 


bi bebsxc* 


eee 32 
1+bibabs a 


x4 
This obviously is the case of a linear 
system for which the linear approxima- 
tions used previously are not necessary. 
Equation 32 will be recognized as the 
usual feedback expression, in which 
bibobs=k is the over-all system gain. 
Consider the effect of a change in the gain 


from k tok’. Then 
kx* 
= 33 
Oe STE (33 
(+) 


S 
INTERPOLE 
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N,1, 


~ EXCITER 
“ 


GENERATOR 


Figure 7. Graphical construction for finding equilibrium values in a 


nonlinear system 


k'x* 

———— 34 
x4 1+’ (34) 
The ratio of the two values of x4 is 
x4! 1+k 
— =m —— 35 
Where m=k’/k. Solving for k, 
pee Hea) — (36) 


x. , 
n(: -*) 
x4 


Equation 36 is plotted in Figure 5. 


Graphical Solution for Nonlinear 
Cases 


It has been seen that the linearized 
equations discussed in the previous sec- 
tion are not applicable to the study of 
equilibrium conditions. This results 
from the fact! that the solution to the 
system of equations depends upon the co- 
efficients (a’s and b’s) and conversely. 
These remarks must not be taken as ap- 
plying to the incremental relations. The 
use of linearized equations for the study of 
stability (the incremental relations) is a 
very powerful tool as described by F. E. 
Bothwell.? Since systems with one or 
more nonlinear elements are of consider- 
able practical significance, a graphical 
method of calculating steady-state gain 
will be described. 

Figure 6 shows a current regulator 
which used a buck-boost generator con- 
nected in series with the motor whose 
current is to be regulated. The motor 
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ARMATURE 
CIRCUIT 


Figure 8. Graphical 


armature circuit is connected across a 
constant potential bus. The potential 
drop across the generator interpole is 
used to energize the control field of a 
pilot exciter, which in turn feeds the field 
of the buck-boost generator. 

Examination of this circuit will show 
that the reference field is not required for 
regulatory action, because the necessary 
reversal of signs is inherent in the circuit 
as shown. The purpose of the “reference”’ 
field will become clear from the following 
discussion. 

A graphical solution for the equilibrium 
values of the several currents and volt- 
ages is readily secured by the construction 
shown in Figure 7. The steady-state 
characteristics of the four components are 
shown in the four quadrants, and the 
equilibrium relations are obviously those 
given by the dashed lines. Initially, this 
dotted-line construction must be found by 
trial and error, a process which is readily 
carried out on this diagram. 

If the means for gain adjustment is as- 
sumed to be R,, then an increase in gain 
would result in line 2 in the first quadrant. 
It is seen immediately that such a change 
would move the operating points out on 
each of the magnetization curves and 
upset the equilibrium value of J,(Zq0). 
However, the reference field previously 
mentioned may be used to bring the 
operating point on each of the two mag- 
netization curves back to its original 
value. This is accomplished in Figure 7 
by constructing line 3 (parallel to line 2 
for increased gain), and the reference 
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Es 


construction for finding the gain in a nonlinear 


system 


field ampere turns may then be read 
directly from the diagram. 

The effect of disturbances now can be 
analyzed by using this diagram as shown 
in Figure 8. Field heating, change of 
generator speed, and other factors will 
produce a band of characteristics in each 
quadrant. If one starts by assuming cer- 
tain limits on J, (points a and b) and then 
works clockwise through the four quad- 
rants, points ¢ and d will be found. These 
two points determine the slope of the line 
in the first quadrant and, therefore, the 
system gain (that is, value of R,). The 
construction shown in Figure 8 is overly 
pessimistic in that it assumes a cumula- 
tive effect of all disturbances. A de- 
tailed analysis undoubtedly would show 
that this is highly improbable, and a more 
realistic study would show some com- 
pensating effects among the several pos- 
sible disturbances. 

In some instances the exciter and the 
generator are operated in an unsaturated 
condition and either equation 31 (or a 
simplified form of it) or the graphical 
construction previously described may be 
used. Self-excitation of the exciter (not 
shown in Figure 6) frequently is used to 
increase system gain. If the machine is 
unsaturated, this self-excitation is simply 
equivalent to a change in slope of the line 
in the first quadrant. Using the con- 
struction of Figure 8 one may calculate 
the required gain and then determine the 
values of separate and self-excitation re- 
quired. The use of self-excitation with a 
saturated machine requires that one 
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compute a new magnetization curve for 
the second quadrant which would include 
the effect of this self-exciting field. 


Conclusions 


The previous discussion has shown that 
the calculation of gain required in a pro- 
portional feedback controller involves a 
detailed study of all system disturbances. 
This calculation cannot be performed with 
the usual transfer functions or incre- 
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mental relations, but requires that one use 
the equilibrium or steady-state expres- 
sions. In a system containing nonlinear 
elements these nonlinearities must be 
used in the calculation of gain, and a 
graphical procedure is suggested. While 
the subject of transient analysis was not 
discussed, it is clear that since disturb- 
ances may alter the value of many param- 
eters, it may be necessary to study the 
behavior for a range of values for each 
“constant.”’ 
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ll. quality of the insulation system 
of electric apparatus is an important 
factor in the life and performance of that 
apparatus. To assure the required quality 
of insulation adequate and practical 
Ineans of testing must be provided. These 
testing methods must meet several re- 
quirements. The test voltage stresses 
must be applied to the major insulation 
between the electric circuit and ground 
and also to the minor insulation between 
coils and turns. The test voltage applied 
must simulate service stresses. The test 
voltage levels must be sufficiently high to 
assure that all insulation defects and in- 
cipient faults will be discovered. The 
test must be simple in application and 
safe. The test equipment must be low in 
first cost and have reasonably long life. 


Commonly Used Test Methods 


By far the greatest amount of high- 
potential testing is done at power supply 
frequencies at voltage levels determined 
by experience in field operation. Gen- 
erally these tests are made on major in- 
sulation only by applying voltage to all 
terminals with the framework grounded. 
This method of testing does not test coil- 
to-coil or turn-to-turn insulation. 

Induced-voltage testing sometimes is 
used, generally at 120, 420, or 960 cycles, 
with the applied voltage across the wind- 
ing under test. The higher reactance 
at these frequencies permits higher ap- 
plied voltages without overloading. Volt- 
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ages and currents at these frequencies are 
not typical of operating conditions. 

Surge testing has been adopted widely 
for transformers and switchgear. The 
advent of the Marx circuit and cathode 
ray oscillograph has permitted the ap- 
plication of test surges at any peak volt- 
age required, as well as accurate measure- 
ments of applied wave shapes. These 
tests are made on the single-surge basis, 
using wave shapes regarded as simulating 
power line surges from lightning and 
other disturbances. 

Surge testing of rotating machinery 
windings using repeating-type surge gen- 
erators at 60 surges per second now is in 
extensive use on production lines. 


Repeated-Surge Testing 


The repeated-surge method of high- 
potential testing was developed and in- 
corporated in a winding insulation tester 
for production line use in 1942.% Early 
applications were on 3-phase motors be- 
tween | and 15 horsepower. <A short time 
later a tester was built for larger ma- 
chines up to 6,000 horsepower with 2,700- 
volt windings. Still later the method was 
adapted to single-phase motors, and now 
it is used for testing a large percentage of 
motors used on refrigerators, washing 
machines, and so forth. The wide ac- 
ceptance of the winding insulation tester 
of Figure 1 is based on the economy and 
convenience of repeated-surge testing in 
providing the required insulation stresses 
from conductor to ground, between coils, 
and between turns. Figure 2 shows 
typical test waves on single-phase motors. 
“A” is with a good winding, ““B” is with 
several short-circuited turns in one coil. 

Experience with this tester has been 
that all insulation faults are detected and 
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located, providing designers with infor- 
mation necessary for changes in design 
and manufacturing methods, which result 
in reducing rejections to well under one 
per cent. 


Winding Insulation Tester for D-C 
Armatures 


The success of repeated-surge testing 
on stators immediately suggested a pos- 
sible application to d-ec armatures, where 
similar problems of turn stresses due to 
surges must be met. Here the problem 
becomes more difficult because of the low 
impedance of the armatures to be tested 
and the correspondingly greater surge 
current required for a given turn-to-turn 
surge voltage. 

This problem first arose during 
World War II, when the United States 
Army required a number of special d-c 
traction motors. The design of these 
motors was such that stringent insulation 
space limitations were imposed.. Be- 
cause of this, and also as a result of the 
rigid service specifications, it was neces- 
sary to make a severe turn-to-turn in- 
sulation test on the armatures. 

These armatures were lap-wound and 
had the usual equalizer connections. The 
resistance between adjacent commutator 
segments was less than 0.01 ohm. From 


Figure 1. 10-kv winding insulation tester 
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Figure 2. Test waves, single-phase motors, 
(a) good winding; (b) several short-circuited 
turns in one coil 


previous experience with the type of in- 
sulation in this armature it was decided 
that a surge test giving 500 volts peak 
bar-to-bar would show up substandard 
insulation, but would not damage good in- 
sulation. Tests also indicated that at 500 
volts peak the surge current would be in 
excess of 300 amperes. This power re- 
quirement was greater than could be ob- 
tained from any existing surge test equip- 
ment. To meet these power requirements 
a new surge tester was designed and built. 


SURGE GENERATOR 
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The main circuits of this tester,’ are 
shown in Figure 3. The surge-generator 
capacitance, C, of one microfarad was 
charged in one half-cycle and discharged 
on the next half-cycle, The discharge was 
through a pair of thyratrons connected 
back to back to permit oscillatory and 
complete discharge of surge generator. 

To minimize reactance drop the surges 
were led to the motor under test through 
coaxial cables. A well-insulated contact 
mechanism held by the operator applied 
the surges to adjacent commutator bars. 
A separate pair of contacts picked off coil 
potential, and another coaxial cable took 
it back to the oscilloscope for observation 
and measurement. 


TRIP PULSE FROM 
SWEEP CIRCUIT 


Figure 3. Main circuits of 10- 
kv winding insulation tester 


SURGE GENERATOR 


Figure 4 (left). 
High - current 
winding _ insula- 
tion tester, final 
design 


Figure 5 (right). 
Oscilloscope cir- 


cuits 


COMMUTATOR 
VOLTAGE 
DIVIDER COAXIAL CABLE TO 


COMMUTATOR 


tms. DELAY 
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The armatures were checked at certain 
stages of manufacture when defects could 
be corrected at minimum expense. The 
performance of this special winding-in- 
sulation tester on this lot of motors proved 
the yalue of surge testing for incipient 
fault detection and 
evaluation. 

The use of this tester was continued 


insulation system 


after the war to test armatures of various 
sizes and types of winding. From this 
background of experience it was decided 
in 1949 to extend the program of surge 
testing. 
tures of very low impedance. 
showed that to provide bar-to-bar test 


potentials of 500 volts peak, crest cur- 


This program included arma 
Tests 


rents of several thousand amperes would 
The use of thyratrons to 
obtain these current values was imprac- 


be required. 


tical, so a new surge tester using small 
ignitrons was designed and built. 


Description of the New Tester 


The surge generator of the new high- 
current winding insulation tester as 
finally developed around the ignitrons is 
shown in Figure 4. The capacitor, C, is 
charged on one half-cycle and discharged 
on the next half-cycle of opposite polarity. 


The discharge tends to be oscillatory so a 


Figure 6. Contact mechanism for applying 
tester output to commutator 


Figure 7. Oscillograph of voltage wave 
between adjacent bars of very low impedance 
armature 
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second ignitron is provided to carry the 
inverse current. Each ignitron has its 
own firing circuit, which sends a current 
pulse of 500 microseconds’ duration 
through the ignitor. As the time required 
to fire the ignitor varies between 20 and 
40 microseconds, and as the first half- 
cycle of the surge may be shorter, it is 
necessary to fire the inverse tube first. 
This insures that the inverse tube will 
always be ready when the inverse surge 
current comes along. 

The firing circuit thyratron 
T-2 grid has a negative bias of about 30 


inverse 


volts, which is modulated by about 250 
volts at 60 cycles, so that firing occurs 
very soon after the zero of the charging 


Figure 8. Oscillograph of voltage wave with 
deliberate insulation defect in armature circuit 


half-eycle. The forward firing circuit 
thyratron, 7-1 is controlled in the same 
way, but has its grid bias modulated by a 
lower 60-cycle voltage, so that firing is de 
layed a little longer. 

The positive side of the surge generator 
is connected to ground through a small 
coil, LZ, of several turns. The positive 
drop across this coil is used for firing the 
sweep circuit of the oscilloscope, thereby 
giving a perfectly steady picture in spite 
of the variations of ignitron firing point. 

The oscilloscope circuits are shown in 
Figure 5. A 5-inch fast-writing oscillo- 
scope tube with +4-kv acceleration, or a 
total of 8 kv, is used to give enough in- 
The 
time axis is produced by the discharge of a 
small thyratron into a resistance-capaci- 
tance circuit. The thyratron also drives 
the cathode+ray tube grid to establish the 
beam through a coupling capacitor, C-/ 
and a resistance voltage divider, R-J, 
R-2. Power is supplied by taps in the 
main 8-ky power supply bleeder. 

To avoid including the contact drop of 
the main contacts, the surge voltage to be 
measured is picked up by separate con- 
tacts and is conducted to the oscillo- 
scope deflection circuit through a coaxial 
cable. The voltage divider is made up of 
noninductive resistors on a tap switch. 
The output of the divider is passed 
through a one-microsecond delay cable to 
the deflection plates. This delay makes 


tensity for convenient observation. 
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Figure 9. Oscillograph of voltage wave 
without insulation defect, on medium imped- 
ance armature 


up for the time lost in initiating the time 
axis circuit, 
other elements which were 


omitted from the diagram for simplicity 


Several 


are a deflection selector switch, a d-c 
calibration supply, and a 500-ke damped- 
wave timing wave oscillator. 

The contact mechanism for applying 
the tester output to a commutator is 
shown in use in Figure 6. It consists of a 
well-insulated body with two handles in 
which there are interlock switches. The 
operator is safeguarded in this way, as he 
must press both handles to complete the 
surge-generator primary circuit. The 
contacts are adjustable for commutators 
having bars of various widths, and they 
may be used on commutators up to 31 
inches in diameter. For commutators of 
larger diameters another mechanism of 
similar design will be required. 


Application Performance 


The surge-generator capacitance of 0.5 
microfarad and a maximum of 7.5 kv are 
capable of applying potentials of 500 
to 1,000 volts between adjacent segments 
of any d-c armature now in production. 
An oscillograph record of voltage between 
adjacent bars of a very low impedance 
armature is shown in Figure 7. This 
voltage wave is of highly damped nature 
at a frequency of approximately 160 ke. 
The voltage amplitude of 500 volts be- 
tween bars is only a portion of the total 
surge-generator voltage, the remainder 
being lost in the stray inductance of the 
leads. This wave shape is typical of an 
armature circuit with no insulation de- 
fects. In Figure 8 is shown the wave 
shape obtained when an insulation defect 
is present in the armature circuit. This 
particular defect was a short circuit be- 
tween bars in a coil 120 degrees or one 
equalizer space from the point of surge 
application. 

A typical wave shape on a medium 
impedance armature without insulation 
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defects is shown in Figure 9. The in- 
creased inductance of this armature re- 
duces the oscillation frequency to ap- 
proximately 130 ke. The general wave 
shape, however, remains quite typical of 
those for large armatures. 

This new instrument extends the ap- 
plication of the winding insulation tester 
to very low impedance windings, such as 


large d-c armatures. It is expected that 


it will do an equally good job in this area 
in finding weak insulation and thereby 
pointing the way to improved design and 
manufacturing techniques. 
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-~A Hook-On Power Factor Meter 
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Hess INSTRUMENTS for cur- 
rent measurement have been widely 
used for more than a decade. The small 
size, lightweight, and in particular, the 
have 

for 


absence of service interruption, 


made such instruments invaluable 


wide-range current measurements of 


moderate accuracy. Some of these in- 


struments were adapted to potential 


measurement and in 1949, the present 


authors treated the problem of hook-on 


power measurement.' Further study has 


shown the practicality of wide-range 
power factor measurement by this 
method. The resultant instrument (Fig- 


ure 1) has a measurement range of 0 
lead to 0 lag power factor, 15 to 600 am- 
100 to 600 volts on balanced 3- 
phase circuits. 


peres, 
It has a calibration ac- 
curacy of 0.02 power factor, and weighs 
4.1 pounds, Its principle of operation, as 
well as the solution to several interesting 
development problems, is set forth here, 


Principle of Operation 


Power factor usually is measured by a 
phase-sensitive deflecting instrument of 
the crossed-coil or moving-iron type. 
Such instruments are inherently suitable 
for accurate power factor measurement, 
but are limited to a narrow measurement 
range. They also require separate current 
connections involving either service in- 
terruption or a separate clamp-on trans- 
former. The crossed-coil phase meter 
principle can be combined with hook-on 
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operation directly, but calculations 
showed that the measurement range of 
this system was relatively limited. 

These limitations were removed effec- 
tively by the adoption of a null principle 
of operation. As shown in Figure 2, the 
arrangement consists of a null reading 
watt-galvanometer and a calibrated cross- 
phase variable resistor. Power factor is 
measured by simply snapping the mag- 
netic hook around one conductor, con- 
necting the potential leads, turning the 
variable until 


reads zero, then reading the power factor 


resistor the wattmeter 
on the calibrated variable resistor dial. 

The power factor range and calibration 
are established as follows. Assuming a 
balanced 3-wire 3-phase circuit completely 
energized, the only condition of null 
balance of the watt-galvanometer is 
quadrature relationship of moving coil 
current and field flux or line current. The 
calibrated variable resistor is connected to 
lines B, C, with the moving arm con- 
nected in series with the potential trans- 
former primary which, in turn, completes 
the circuit to line A. The moving coil is 
connected across the secondary winding 
of this potential transformer. 

It is apparent in all of the Figures 3 
through 6 that the moving-coil current 
phase angle is adjustable over a 60-degree 
range, whose mid-point is 180 degrees 
displaced from the reference vector, J4. 
If, now, the current vector, Z¢ is within 
a 60-degree range from the 7 axis, specifi- 
cally, +90+30 degrees, its position can 
be established by adjustment of the poten- 
tial circuit current, Jy, for the required 
quadrature relationship and null reading. 
Since the +90+30-degree position cor- 
responds to unity power factor of current 
vector, Ig, the measurement range is 0 to 
—60 degrees or 1.0 to 0.5 lagging power 
factor. Similarly, the measurement range 
of vector, Ip, is 0 to +60 degrees or 1.0 
to 0.5 leading power factor. The vector, 
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I,, is outside the measurement range of 
the potential circuit network for the 
power factor range of 0.5 lead to unity to 
0.5 lag, but enters the measurement 
sector at 0.5 leading power factor and 
covers the range of 0.5 lead to 0 to 0.5 lag. 
Thus, the power factor of any balanced 
system can be measured by (1) finding out 
which of the lines A, B, or C will produce 
a null reading, and (2) reading the power 
factor on the correspondingly lettered 
scale (Figure 7). 


The Watt-Galvanometer 


The watt-galvanometer consists of the 
magnetic circuit and spring-restrained 
moving coil mechanism, illustrated in 
Figure 2. 

The sensitivity is derived from funda- 
mental electrodynamic wattmeter prin- 
ciples and the vector relations of Figures 
3 through 6 as follows (see equation 32). 


_ Vik he 
sin 6[Req.+(k—k?)Rp] 


where 


S=galvanometer deflection in radians per 
unit power factor per volt-ampere, 
divided by the galvanometer constant 
(equation 20) 

Req. = equivalent transformer impedance in 
ohms with the galvanometer burden 

Rp=total variable resistor ohms 

k=ratio of variable resistor ohms in line B 
to total variable resistor ohms (Fig- 
ure 3) 

6= power factor angle 


Figure 1, 


Hook-on power factor meter 


‘ 


ATEE TRANSACTIONS 


‘f 
MAGNETIC HOOK heey 
ENGIRCLING ONE if 9) 
CURRENT CARRYING | 71 
LINE CONDUCTOR = +7 | 
{ 
\ 
! 
! 
' 
! 


etnies teeimmd eine 
= a 
QS ow a 
% 
x 
‘ 
\ 
\ 
N\ 


an 


j MAGNETIC CORE 


FOR MOVING pe. 
Ne 


GALVANOME TER 


MOVING COIL ot 


Sse 
pecan CLOSED 
LAG-L 
DETECTOR SWITCH. 


INDUCTANCE FOR 
LAG-LEAD DETECTION 


BALANCED 
3-PHASE 
SYSTEM 


UNDER 
MEASUREMENT 


TRANSFORMER WITH 
i TAPPED SECONDARY 


} CALIBRATED 
VARIABLE RESISTOR 


This function is plotted against power 
factor in Figure 8. It is apparent that 
j the sensitivity increases somewhat be- 
tween 0 and 0.8 power factor and becomes 
progressively higher between 0.8 and 
unity. 


i Potential Circuit Transformer 


The potential circuit includes a small 
transformer which supplies an appro- 
priate value of current to the moving 
coil. This arrangement results in high 
sensitivity over a wide measurement 
| range without excessive heating. Other 
advantages are: 


1. Asimple moving coil winding, consisting 
of relatively few turns of large conductor. 


2. Self-compensation for the phase angle 
error of the hook. Potential and current 
circuit phase angles are approximately equal 
and cancel each other. 


8. Choice of sensitivities by a tapped sec- 
ondary winding and potential switch. The 
full winding is designed for a range of 100 to 
800 volts, and a suitable tap is provided for 
300- to 600-volt operation. 


i¢ 


_ RANGE OF LINE CURRENT PHASE 
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BERREN T AND D SALY VOLTAGE 
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NULL READING) 


GALVANOMETER 
POTENTIAL CIRCUIT 
VOLTAGE 


60° PHASE SHIFT OF POTENTIAL 


CIRCUIT VOLTAGE PROVIDED BY 
VARIABLE RESISTOR ROTATION 


Figure 3. Vector relations in hook-on power 
factor meter with 'C"’ line current through hook 
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Figure 2 (left). 
Figure 4 (above). 


Calibration of Variable Resistor 


The calibration of the variable resistor 
dial is derived trigonometrically from the 
vector relations in Figures 3 through 6 
(see Appendix I). For the four power 
factor ranges, the power factor angle, 9, 
is related to the fraction, k, of the full re- 
sistor rotation as follows: 


For 0.5 to 1.0 lag power factor (C scale) 
sin 6 
= 5 
sin (120—6) (5) 
For 0.5 to 1.0 lead power factor (B scale) 
sin (60—6) 
ee 8 
sin (60+80) se) 


For 0 to 0.5 lag power factor (A scale) 


_ sin (@—60) 
sin @ 


(11) 


For 0 to 0.5 lead power factor (A scale) 


_ sin (120—86) 


14 
sin 6 (14) 


The resistance-rotation characteristic 
of the variable resistor is a straight line. 
This relationship is controlled to insure 
good measurement accuracy. The several 
distributions are plotted in Figure 9, 
showing that all scales are approximately 
uniform with power factor from 0 up to 
0.8. In the interval 0.8 to 1.0, the scale 
becomes progressively expanded. 


Operation 


Power Factor MEASUREMENT 


The power factor dial shown in Figure 7 
has three scales, A, B, and C, each ex- 
tending over an angle of approximately 
300 degrees, providing total scale length 
of 131/, inches. These scales cover the 
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Schematic connection diagram of hook-on power factor meter 


Vector relations in hook-on power factor meter with ‘‘B’’ line 
current through hook 


specific power factor ranges previously 
described and, in addition, are color 
coded. When the potential leads, marked 
A, B, and C, are connected to the lines in 
direct phase rotation, the red scales in- 
dicate leading power factor and the black 
scales indicate lagging power factor. If 
the phase sequence is not known, the 
power factor reading is obtained from the 
scale identified by the letter corresponding 
to that of the hooked line. This arrange- 
ment allows the user the convenience of 
connecting the voltage leads to the lines 
without regard to phase sequence. 


LErAD—LAG DETERMINATION 


Provision is made for identification of 
leading and lagging power factors. In 
Figure 2, a series inductance is shown in 
the moving coil circuit. This normally is 
short-circuited by the single-throw push 
button switch. When this switch is 
opened, the series inductance is intro- 
duced into the potential circuit. This 
displaces the current slightly in the lag 
direction, causing the galvanometer to de- 


flect. To restore galvanometer balance, 
Table I. Performance 
Power Factor 

Calibration accuracy 0.020 
Error due to opening hook 

0.050 inches +0 .002 
Frequency error from 60 cycles 

(a) Maximum at 70 cycles —0.002 

(b) Maximum at 50 cycles —0.006 


Temperature error from 25 
degrees centigrade 
(a) Maximum at +85 de- 
grees centigrade 
(b) Maximum at —20 de- 
grees centigrade +0.002 
Maximum sustained opera- 
tion influence 600 amperes, 


+0.002 


600 volts +0.003 
Maximum voltage error —0.010 
Maximum current error —0.014 
Wave form error +0.017 with 10% 

8rd and 10% 5th 
harmonics 
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Figure 5 (left). Wectorrelations in 

hook-on power factor meter with 

“A” line current through hook at 
lagging power factor 


LAGGING 


Figure 6 (right). Vector relations 

in hook-on power factor meter 

with “A” line current through 
hook at leading power factor 


° ANC TER VOLTAGE 
CATAL CROMT ne alate bo- wit Gay 
a ook SSS . 
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cafe Aage” 
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POTENTIAL CIRCUIT “Vac 
VOLTAGE PROVIDED 

BY VAFUABLE HESISTOR 
FLOTATION 


the potential circuit current must be dis 
placed in phase in the lead direction by 
The effect 
is to increase the power factor dial reading 


turning the power faetor dial, 


in the case of lagging power factor and to 
decrease the reading in the case of leading 
factor, This 
vides a lead-lag detector simply by open 


power arrangement pro 


ing the switch, rebalancing the galva 


nometer, and noting whether the power 


factor reading decreases or increases, 


VHAGH § SOULE (Ce DETRRMINATION 


A. comeidental, but important, feature 
of the lead-lag 
that it provides for 
sequence, This 


identification cireuit is 
determination of 
phase is accomplished by 
(1) making a power factor measurement, 
(2) determining whether the power factor 
16 leading or lagging, and (3) noting the 
which the 
It follows 


going discussion that the phase 


color of the seale on power 


factor is read, from the fore 
sequence 
16 direct, if lagging power factor is noted 
on a black seale or leading power factor is 
noted on ared scale, Similarly, the phase 


sequence ig reverse, if lagging power 


factor is noted on a red seale or leading 


power factor is noted on a black seale, 
Performance and Summary 


The use of the null principle in the 
watt-galvanometer results in good over-all 
performance over the measurement range 
shown in igure 10, As shown in Table 
1, only minor errors result such 
factors as voltage and current variations, 
incomplete hook closure, 
and temperature This instru. 
ment is sufficiently sturdy to withstand 
the shock and abuse expected for this 
type of portable service instrument, 


from 


also frequeney 
change, 


Reference 
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Transactions, volume 60, part 11, 1950, pages 600 = 
70, sin (60-+-0) (8) 
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Appendix | 


Derivation of Power Factor Meter Dial 
Distributions for Balanced 3-Phase 
Conditions, and Straight-Line Re- 
sistance-Rotation Characteristic of 
the Variable Resistor 


Referring to Figures 3 through 6, by the 
Law of Sines, 
Vin sin B 


Wauc= — (1) 
eee sin (180 —60— 8) 


where 


Vic, Van = balanced 3-phase line voltages 

k= ratio of variable resistor ohms in line B 
to total resistor ohms (Figure 3) 

fwangle between V4, and the galva- 
nometer potential circuit voltage 


Vrom equation 1, 


sin B F 
k=— , (2) 
sin (120—£) 

Casel, Lagging power factor range from 
unity to 0.5, From Figure 3, the included 
angle between the galvanometer current 
(line current, Ic) and galvanometer voltage 
is 


60 degrees — B + 30 degrees + 0 (3) 
where 


O=power factor angle 


Angle (3) equals 90 degrees at null gal- 
vanometer reading, from which, 


p=0 (4) 


Substituting equation 4 in equation 2, 
sin 0 


sin (120—0) (5) 


This establishes the C-seale distribution of 
Vigure 9, 

Case Il, Leading power factor range 
from unity to 0.5. From Figure 4, the in- 
cluded angle between the galvanometer 
voltage and current (line current, Ip) is, 


B-B04-0 (6) 


from which, when equated to 90 degrees for 
null galvanometer reading, 


B=60—0 (7) 
Substituting equation 7 in equation 2, 


sin (60 —0) 


ay 
LINE CURRENT 1 
AT UNITY PF 
RANGE OF LINE CURRENT LEADING \ * 
PHASE ANGLE (60-90%) OVER CA 


WHICH POWER FACTOR (05T00 } 
LEAD)IS MEASURABLE WITH LINE 
GURRENT "A" THROUGH HOOK \ 


INCLUDED ANGLE BETWEEN 
LINE CURRENT AND GAL= 
VANOMETER VOLTAGE “4h 
(EQUALS 90° WITH Cc 
GALV AT NULL READING) 


GALVANOMETER ——% 
POTENTIAL CIRCUIT 
VOLTAGE 


60° PHASE SHIFT RANGE OF 
POTENTIAL CIRCUIT VOLTAGE 
PROVIDED BY VARIABLE 
RESISTOR ROTATION 


This establishes the B-scale distribution of 
Figure 9. 

Case III. Lagging power factor range 
from 0.5 to zero. From Figure 5, the in- 
cluded angle between the galvanometer 
voltage and current (line current, I,) is 
shown to be 


6+60+90—6 (9) 


from which, when equated to 90 degrees for 
null galvanometer reading, 


6 =0—60 degrees (10) 


Substituting equation 10 in equation 2, 


past (6—60) (a1) 


sin 0 


This establishes the lagging power factor A- 
seale distribution of Figure 9. 

Case 1V. Leading power factor range 
from zero to 0.5. From Figure 6, the in- 
cluded angle between the galvanometer 
voltage and current (line current, J,4) is 
shown to be 


60—6+60+90—6 (12) 


from which, when equated to 90 degrees for 
null galvanometer reading, 


b=120—06 (13) 
Substituting equation 13 in equation 2 
sin (120—0 
ae! (14) 
sin 0 


This establishes the leading power factor A- 
seale distribution of Figure 9. 


Figure 7. Hook-on power factor meter dial 
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Appendix Il 


Derivation of Power Factor Meter 
Sensitivity for Balanced 3-Phase 


1 (based on minimum 


where 


Ky=rms maxwells mutual flux per rms am- 
pere through the magnetic hook 

I=rms amperes line current through the 
magnetic hook 


With the moving system, spring-controlled, 
the torque is proportional to deflection, 


Conditions and  Straight-Line | 
Resistance-Rotation Characteristic T=K,D (17) 
of the Variable Resistor etd 


For a ferrodynamic wattmeter,! whose 
magnetic circuit is designed to provide the 
following conditions: 


(a) a constant space rate of change of 
mutual flux as the moving system is de- 


K,=spring constant, gram-millimeters per 
radian deflection 
D=deflection in radians 


Substituting equations 16 and 17 in equa- 


SSS] RANGE OF MEASUREMENT 
WITH 120 TO 600 VOLTS 


PxASS] RANGE OF M 
eS WITH 240TO 600 VOLTS 


SN 


ye,% 
SN 
10 


| 20 
3 PH LINE CURRENT IN AMPERES 


JZ75] RANGE OF MEASUREMENT 
NB WITH 600 VOLTS 
RANGE OVER WHICH OPERA- 
TION IS NOT RECOMMENDED 


EASUREMENT 


Figure 10. Voltage and current range of power factor measurement 


pointer deflection 0.012 inch per 0.01 power 
factor) 


where the “gatvanometer constant” 


= (20) 
aK; 

In equations 5, 8, 11, and 14 are the in- 
cluded angles between Jy and J (line cur- 
rent) for each power factor range. In these, 
B is independent of any change in the power 
factor angle, 6. It is dependent only upon 
the variable resistor setting. 

In the general equation 18, Jy is inde- 
pendent of #6. Itis dependent only upon the 
variable resistor setting for any given line 
voltage and circuit impedance. 

Therefore, for any given line current, line 
voltage, and variable resistor setting, the 
change in deflection, D, in equation 18, with 


ected, tion 15, for any power factor, respect to 9, becomes a function of the 
De einible phase disp! Cael at lv change in the included angle, with respect to 
ase displacement of this eS 6 or, 
mutual flux from the exciting current (line D=KilyI cos aes (18) 
current through the magnetic hook), and, where oD KI 7? ( ie ) (21) 
. : . . Ores ; cos 
(c) a linear relationship between this mu- Ky4=K,K2/K;=constant o° aor 


tual flux and its exciting current, 


the torque developed in a spring-controlled 
moving system at unity power factor is, 


This ferrodynamic wattmeter may be 
used as a watt-galvanometer to obtain a null 
reading when the included angle between Iy 
and I is 90 degrees. 


But, it is seen by observation from Figures 
3 through 6 that for each power factor range 
at given line voltage, current, and variable 
resistor setting, the included angle becomes 


T=Kily? (15) The electric circuit of one suchinstrument — the sum of a constant angle, represented by 
priate arrangement is shown in Figures 2, 11, and _@, plus 8, 

12, and the vector relations in Figures 3 iv 
T=torque in gram-millimeters through 6. | / 1 =(a+0) (22) 
K,=coil turns, NV, divided by 981 Equation 18 may be used for this instru- 
Jy =rms amperes through moving coil ment, except that K, must be multiplied by from which, 
&=mutual flux in rms maxwells the secondary to primary transformer cur- > fe 5 

rent ratio, 1/a, and equation 18 becomes, <2 an Ss 
From condition (c), a ie iene ey cearki 2 (cos 1)-% cos (a+6) = 

Ke 
b= Kol (16) D=KlIyI cos / 7 (19) —sin (a+6) (23) 
| 
Figure 9 (left). Power factor dial calibration 
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Figure 11 (below). 
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(Schematic—tap on transformer secondary winding not shown) 
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(IFk) Rp 
Req=R|+02Re+02R) 


VARIABLE 
RESISTOR 


Substituting equation 23 in equation 21 
we have 


oD == KIyI sin (a +6) 


> (24) 
and 
oD _oD 06 
O(cos @) mod O(cos 6) ri 
1 
[—KIyI sin (atoi-| [+ 
sin 6 
6 
EAL aon) 
sin 6 


For the condition of no galvanometer de- 
flection (a+6)=90 degrees so that equation 
25 becomes 


BALANCED 3-PHASE 
VOLTAGE LINE OF 
NEGLIGIBLE 
IMPEDANCE 


Figure 12. Simplified equivalent 

potential circuit of power factor 

meter (schematic—tap on trans- 

former secondary winding not 
shown) 


oD IyI 
Sasori aE (26) 
O(cos 6) sin @ 
To determine Jy, refer to Figure 12. 

For a balanced 3-phase system, 
Iy+Ipg+Ic¢=0 (27) 


Use Vap as reference vector and neglect 
generator impedance, then, 


Van= V/0=—IgkRp+Iy Reg. 
Vac = V/—120 =I,,kRy —Ip(1—k) Rp 
Voa = V/—240 =I,(1—k)Rp—Iy Req. (30) 


(28) 
(29) 


where 


Ry = total variable resistor ohms 
Req.=equivalent transformer impedance 
with the galvanometer burden 


Solving equations 27 through 30 simultane- 
ously gives the scalar galvanometer poten- 
tial circuit current as 


V V1—k+R? 


~ Req. +(k—k2)Rp Ge 


Ty 


Substituting equation 31 in equation 26, 


oD ——iKIV Vik +h 
O(cos 6) ~ sin @[Req.+(k—k®)Rp ] 
or re 
oD 
gute 
K1V 0 cos (6) 
V1i=k+R? 


sin 6[Req.+(k—k*) Rp] (32) 


where 


S=galvanometer deflection in radians per 
unit power factor per volt-ampere, 
divided by the “galvanometer con- 
stant,” K 


The value of k, the variable resistance 
ratio, in terms of @ is given in equations 5, 8, 
11, and 14 for each range of power factor, 
and when substituted in equation 32 pro- 
vides the sensitivity curve of Figure 8. 


No Discussion 
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Synopsis: This paper describes a full auto- 
matic teletypewriter message switching sys- 
tem for use in private-line networks involv- 
ing one or more switching centers and a 
multiplicity of local or long-distance lines, 
each of which may have one or more stations. 
This system provides fast teletypewriter 
communication from any station to any 
other station or group of stations in the 
network. At its point of origin a message 
| first is perforated in tape accompanied by 
suitable directing and end-of-message char- 
acters, thereafter it is transmitted auto- 
matically, stored temporarily in perforated 
tape at a switching office, and then routed 
| at high speed to its point or points of des- 

tination. Important features are the ar- 
| rangements provided to permit efficient use 
: 


of long full duplex transmission lines, the 
full automatic handling of multiple-address 
messages with only a single originating 
: transmission, and the various guards and 
| alarms which are provided to protect against 
| loss of messages in case of trouble. 
; 


IN THE years before World War II a 
number of private-wire teletypewriter 
systems had grown to considerable size, 
some of them spanning many states or 
_ even the entire country. About 1940 it 
_ was felt that a, faster more economical 
_ service could be secured by the use of 
automatic switching of teletypewriter 
messages, and the Bell System under- 
took the development of full automatic 
arrangements. In October 1941 a full 
automatic teletypewriter switching sys- 
tem was placed in service for the Re- 
_ public Steel Corporation, just in time to 
handle the rush of war business. 


Paper 51-76, recommended by the AIEE Com- 

“munication Switching Systems Committee and ap- 

proved by the AIEE Technical Program Committee, 

for presentation at the AIEE Winter General 

_ Meeting, New York, N. Y., January 22-26, 1951. 

Manuscript submitted October 25, 1950; made 
ilable for printing December 8, 1950. 


w. M. Bacon and G. A. Locx® are both with the 
| Telephone Laboratories, Inc., New York, 
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A Full Automatic Private-Line 
Teletypewriter Switching System 


G. A. LOCKE 


ASSOCIATE AIEE 


World War II prevented the installa- 
tion of additional systems of this type 
and interrupted the development pro- 
gram, Experience with the Republic 
Steel system during the war proved not 
only its many advantages, but the sound- 
ness of its basic features. Following the 
war, a wide interest in teletypewriter 
switching systems of this general type re- 
sulted in further studies and the renewal 
of the development program. 

The studies indicated the need for even 
greater scope and versatility, with such 
new features as the use of more than one 
switching office in a system and the full 
automatic handling of multiple-address 
messages, which are messages originating 
as a single transmission to be delivered to 
more than one receiving station. As a 
result of the development program the 
present system, known as the 8/CI tele- 
typewriter system, was produced and 
placed in service for five large customers 
with nationwide networks. 

The 81C1 system provides efficient, 
accurate, and rapid handling of a continu- 
ous flow of messages between the various 
stations on jextensive private-line tele- 
typewriter networks involving a mul- 
tiplicity of lines and stations. It functions 
in such a manner that a message may be 
sent from any sending teletypewriter and 
recorded on any desired receiving tele- 
typewriter or group of teletypewriters in a 
network without requiring manual han- 
dling or operating attention other than the 
original perforation of tape at the sending 
station and the removal of the typed 
message from the receiving machine or 
machines to which it was directed. The 
switching operations are entirely atto- 
matic and are under the control of direct- 
ing characters punched at the head of each 
message in the original transmitting tape 


and end-of-message characters punched 
at the end of each message. 

Individual line circuits are full duplex 
and may be operated at either 60 or 75 
words per minute, thus permitting maxi- 
mum economies for any line loading. 

The general objectives considered and 
met by the design include efficient usage 
of line circuits, rapid delivery of messages, 
and accurate handling of traffic, as well as 
many other requirements dictated by the 
customers’ individual traffic patterns and 
problems. Different sizes of switching 
offices, the number of switching offices in a 
system, the number of trunks between 
switching offices, the number of stations 
in a system, the amount of traffic for local 
delivery in the vicinity of a switching 
office, the quantity of multiple-address 
traffic, and a number of other variations 
all must be considered when a system is 
engineered. Traffic which systems pro- 
vided for industry must handle consists in 
general of relatively long messages which 
must be transmitted over the systems 
with speed and accuracy. On the other 
hand, traffic for transportation companies, 
particularly airlines, consists in general of 
much shorter messages, a high percentage 
of which must be transmitted over the 
systems within very short intervals. The 
design of the 8/CI system anticipated 
these variable factors and permits the 
installation of systems which provide for 
them without special engineering for 
each case. 

Figures 1 and 2 show five examples of 
81C1 networks now in service. Each of 
these systems presents different cus- 
tomer’s problems handled by the stand- 
ardized switching system. 

The Pan American Airways layout 
shown in Figure 1 illustrates a system in 
which there are three widely separated 
areas, each with its own community of 
interest. Each area is served by a switch- 
ing office with lines radiating to stations 
in the area. Single trunks between the 
switching offices at San Francisco and 
New York and between New York and 
Miami are sufficient to carry the traffic 
between the areas. 

The Eastern Airlines layout, also shown 
in Figure 1, is an example of a system in 
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Figure 1 


which there are two centers with a com- 
munity of interest, each served by a 
switching office. In this case there is 
sufficient traffic between the switching 
offices at Atlanta and’ New York to 
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The General Motors Corporation lay- 
out shown in Figure 1 is an example of a 
system where one large switching office 
located at Detroit is best adapted to 
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handle the traffic. In this case, the 
heavy volume of business for the head- 
quarters office is delivered at the switch- 
ing center and distribttted principally by 
telephone, messenger, and pony wire. 
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The Western Electric Company layout switching offices, but with a large amount shown in Figure 2 is an example of a sys- 
shown in Figure 2 illustrates a large in- _ of traffic between these offices necessitat- | tem where one very large switching office 
dustrial system in which there are two ing a group of interoffice trunks. at Dearborn handles the traffic. In this 
major centers of traffic served by two The Ford Motor Company layout case (see inset in Figure 2) there is a large 


1951, VoLumME 70 Bacon, Locke—Teletypewriter Switching System 475 


7? | 
poe ae 
ome deb eee eae SE a 
pict har arte at arm eR \ 
t \ 
{ SINGLE STATION t 
| LINE CIRCUIT H 
: CTOR WILLFULL 
| | PRESTON INTERCEPT ' 
; CIRCUIT 
AT 
, INCOMING L (22) t 
‘ LINE MULTI- 
CIRCUIT aoe -CHANNEL oo 
H l—— > : 
j Pe AKT | { CIRCUIT 14 __ OUTGOING } 
/ ae —/ 7"__ MULTIPLE 
A wcominc, bi (4) OuT2 £--TRUNK GROUP} 
RUNK CIRCU { OUT 3 | -< 
| INCOMING aocmew (a oe TRUNKS OFFICE } 
{ TRUNK FROM [AKT SEQUENCE ! 
j NEAT OFFICE -L CIRCUIT H 
LM a et 
jicenin as 
| RCT 2 Malt OUTGOING ' 
‘ | aT ss MULTIPLE TRUNK , 
j Ze ORIGINATING eo ADDRESS CIRCUIT OUTGOING ; 
‘ 1 ORIGINATIN — TRUNK TO 
/ (4) [Ro] STATION — CIRCUIT CIRCUIT I 
RO} SRT [a a ' NEXT OFFICE . 
=. ——- ' 
j [As] = LJ ‘ t i 
U 16) 1 Te) 1 
(10) (5) [R XT ] 
H — t | (11) t 
i RXT LOCAL f 
nee wt SSon . -OUTLET CIRCUIT H 
i — pi JcoMMON ! 
= i 
H {AKT} -—— our 1 +} 1) Ro OR TR ' 
} a (23) SS OUT 2 (—_1 RO OR TR ' 
f — - [——] RO OR TR H 
' AS ; (13) ' 
‘ i cata A t 
} {RV rH [tr MULTIPLE | 
\ pa Nee if ADDRESS. [RXT] \ 
‘ INTERCEP 4 ria | ft 
H 
} MULTI - STATION H 
i — OUTGOING LINE ' 
: — CIRCUIT i 
! IN‘ | IN2 H 
i out 1 SUPPLEMENTARY TTER 
i __ OUT TRANSMI 
OUT 2 | MULTIPLE ADDRESS Lingala 3! | tt ! 
{ OUT 3 CIRCUIT [RX T| L 
(21) (15) (7) } 
| <f 


OUTLYING STATION 
a eee 4 


| H =< STATION 
| [CONTROL cKT. |! CONTROL CKT l 
| SOTUS \ { SOTUS | 
\ - —— | ! 
a | : | XT 
(9)| [Ro] (8)! [Ro| [TR [RO 
L ” cere eal ee ee ee ee see ee oe ae a oe ee - 
volume of local traffie to be distributed to Figure 3. 81C1 system, block diagram 


slauions within a short distance of the 


awitehing center, 
General Method of Operation 


ach station in the system is assigned a 
2-letter code, and in order to direct a 
message from any sending station in the 


system lo any receiving station, the 
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operator perforates in the sending tape 
the 2-character code of the desired sta- 
tion, followed by a “Letters” signal. 
Twenty of the 26 letters of the alphabet 
are used for station code purposes, thus 
permitting up to 400 station codes. For 
various reasons the letters T, O, M, V, H, 
and Z are not used. ‘The first four are apt 


Figure 4 (left). 
Typical station on 
a multistation line 


Figure 5 (right). 
Reperforator- 
transmitter 


EQUIPMENT (NO.19 SET) 


Teletypewriter Switching System 


_— 

ey 
TRANSMITTER ONLY NOMS TTY 
AUTOMATIC SENDING TYPING 


REPERFORATOR NO. 14 


to be produced in case of an accidental 
interruption or hit on an idle line, while H 
and Z are used for other switching func- 
tions which will be explained. 

Referring to the block diagram Figure 
3, the path of a message will first be 
traced from a sending station which has 
exclusive use of a line (1).* The message 


* Numbers in parenthesis indicate location of cir- 
cuits in Figure 3. 


i” 
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Figure 6. Station control cabinet 


is perforated in a tape at the station, the 
text of the message being preceded by the 
2-character code of the station of destina- 
tion and followed by the characters 
“Figures,’’ H, ‘‘Letters,’’ which indicate 
the end of a message. This tape is sent 
from the transmitter-distributor which 
may be seen in Figure 4. No further ac- 
tion regarding this message is required on 
the part of the station operator. 

The incoming line circuit (2) at the 
switching point associated with the line 
serving this station perforates the message 
in a tape on the receiving side of a reper- 
forator-transmitter (3). 

The reperforator-transmitter shown in 
Figure 5 is a machine which forms the 
heart of the switching system and warrants 
at least short description. This machine 
consists essentially of two parts, a re- 
ceiver which perforates and prints tape 
identical with the tape made at the sta- 
tion and a transmitter which transmits the 
signals representéd by the perforations 
in the tape and is arranged so as to trans- 


Figure 7. Control board 
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mit the last character perforated, thus 
eliminating the need for special tape feed- 
out arrangements to clear messages from 
the transmitter. The transmitting por- 
tion of the machine is arranged so that the 
reading of the perforated holes and the 
actual transmission can be controlled in- 
dependently from external circuits when 
desired. 

The presence of tape perforated with 
characters in the receiving side of a re- 
perforator-transmitter brings into action 
an associated director circuit (4). The 
director circuit causes the reperforator- 
transmitter to read the first two charac- 
ters, which are the code of the station of 
destination. These two characters taken 
together are decoded by the director cir- 
cuit to indicate the outlet of the switch- 
ing office over which the desired station 
may be reached. The five types of out- 
lets which may be reached are described 
below. 


Figure 8. Testing unit 


Outgoing Multistation Lines 


It first will be assumed that the station 
of destination is located on a multistation 
line. A multistation line may have con- 
nected to it up to ten receiving stations. 
The outgoing line circuit (7) is equipped 
with two reperforator-transmitters, on 
the receiving |sides of which messages 


Figure 9. 
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switched to this outlet are perforated for 
delivery to that line. The use of two 
machines in connection with an outgoing 
line materially cuts down the time this 
outlet will appear busy to incoming mes- 
sages and also permits loading the line 
itself very close to its full capacity. 

When the director determines that this 
outlet is the one on which the desired sta- 
tion is located, it tests the outgoing line 
circuit for the availability of the receiving 
side of one of its reperforator-transmitters. 

If both machines are busy, the director 
circuit waits, maintaining its test until 
As 
soon as one of the machines becomes idle, 
the sending side of the reperforator- 
transmitter of the incoming line is con- 
nected to the receiving side of the out- 
going line machine by means of the se- 
quence circuit (5) and the 
switches of the link circuit (6). The use of 
the sequence circuit prevents more than 


one of the machines becomes idle. 


crossbar 


one connection from being made through 
the crossbar switches during the brief 
period while the connection is being es- 
tablished, but simultaneous connections 
up to the capacity of the switches may 
exist at one time. 

When connection is made from an in- 
coming line circuit to an outgoing line 
circuit, this connection being known as a 
cross-office connection, the directing code 
and the message are reperforated in the 
machine of the outgoing line, and when 
the director reads the ‘‘Figures,”’ H, ‘‘Let- 
ters’’ characters at the end of the message, 
the cross-office connection is released. 

The outgoing line circuit is arranged to 
deliver the traffic perforated in its two 
machines to the line on alternate 
basis, so that traffic delivered to 
machine will not receive preference in 
transmission over that in the other. The 
stations (Figure 4) connected to a multi- 
station line are equipped with a station 
control circuit (Figure 6), including a 
selector unit, which is a motor-driven 
mechanical device for closing and locking 
a contact upon the reception of a number 


an 
one 


Switching office, general view 


of characters received in a given sequen- 
tial order. For example, a station is 
coded on a 2-character basis and to con- 
nect station (9) the characters EF must 
be received in that order. 

When, therefore, the coding characters 
are sent to the line by the outgoing line 
circuit, the proper station is connected 
and the ‘‘Carriage Return,” “Line Feed” 
signals, which precede the text of the 
message, will deactivate the selector units 
so that they will not respond to 2-char- 
acter combinations in the message text 
that might connect other stations. The 
“Figures,” H, “Letters” characters at the 
end of the message will disconnect the 
station and reactivate the selector units. 

A station control circuit may control 
up to three receivers as at (8). 


Outgoing Single-Station Lines 


If the traffic to a receiving station is 
very heavy, the same type of outgoing 
line circuit (10) is used, but the line is 
equipped with only one receiving station, 
and this station, shown at (1), does not 
require a station control circuit. 


Outgoing Single Trunk 


The system is not limited to one switch- 
ing office, but may have as many as de- 
sired. The number of switching offices is 
determined by a proper balance between 
the cost of switching equipment and the 
cost of lines. Messages received at a 
switching office are delivered to another 
switching office over trunks. 
outgoing trunk circuit (11) is arranged to 
deliver its traffic over a trunk to another 
switching point. 


Outgoing Multichannel Trunks 


The traffic between switching offices 
may be heavy enough so that one trunk 
does not provide adequate capacity. In 
this case a multichannel trunk circuit, 
which may have connected to it a mini- 
mum of two and a maximum of ten trunks 
as at (12), is used. Reperforator-trans- 
mitters are not used in this case as the 
trunks themselves provide the required 
multiple-switching paths. The speed of 
transmission over the trunk must be the 
same as the cross-office speed, which is 75 
words a minute. Connection from an 
incoming line to an outgoing trunk is 
made on a “‘first idle trunk” basis. 


Local Outlets 


In some installations conditions arise 
where large volumes of traffic for the same 
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destination must be delivered to points in 
the general locality of the switching office. 
The local outlet circuit is used for this 
purpose (13). These points may be 
equipped with ten receiving machines, 
which operate at cross-office speed directly 
from the inputs without reperforator- 
transmitters on the outlet side. These 
receivers are connected on a ‘“‘first idle 
receiver’ basis. 


Traffic for Switching Office 


Some traffic received on incoming lines 
is destined for the switching office itself. 
The incoming line circuits can be equipped 
with a receiving-only teletypewriter 
in addition to the reperforator-trans- 
mitter (14). This traffic then can be 
switched directly to the receiving-only 
teletypewriter without burdening the 
switching mechanism of the office, thus 
increasing its over-all efficiency. Two 
specific codes are assigned for this use: a 
first character followed by Z, which cuts 
on the receiving-only teletypewriter alone, 
or a first character followed by H, which 
cuts on both the reperforator-transmitter 
and the receiving-only machine for re- 
ception of the message both at the switch- 
ing office and at some other station. When 
the volume of terminal traffic is not great 
enough to justify a receiving-only tele- 
typewriter per incoming line, local outlet 
machines, as described previously, may 
be used. 


Sending from Multistation Lines 


In the previous discussion traffic was 
introduced into the system from a line 
equipped with only one station. It will 
be noted that all lines are full duplex, per- 
mitting simultaneous transmission both 
to and from stations on a line. 

Multistation lines may be equipped 
with up to ten sending stations, as well as 
the ten receiving stations heretofore men- 
tioned. Inasmuch as only one sending 
station may send at a given time, sending 
is controlled by a transmitter-start cir- 
cuit (15), which is associated with the 
outgoing line. Each transmitter on the 
line is assigned a single-character trans- 
mitter-start code which, when sent over 
the line preceded by a specific pattern, 
causes the transmitter at a given station, 
if there is tape in it, to start sending. 

Upon termination of sending from any 
station on a multistation line, the trans- 
mitter-start circuit (15) takes control of 
the outgoing line circuit and stops out- 
going transmission. This stoppage may 
take place at any time during which the 
text of a message is being sent or between 
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outgoing messages. A pattern/as th 
sent out (‘‘Blank,’’ a pause, ““Space’” 
which cuts off the receivers connected te 
the line without mutilating the copy being 
received and conditions the station con- 
trol circuits to control their transmitters. 
The transmitter-start circuit then sends 
the start character for the transmitte1 
next in sequence. If this next station ha: 
traffic, transmission will begin and the 
receivers that were cut off will be re: 
stored. Ifit has no traffic, the next trans: 
mitter in sequence will be tried, and so or 
either until traffic has been found at some 
station or until all have been tested with 
out finding traffic. In the latter case the 
circuit waits for a predetermined in 
terval, which may be chosen to suit re 
quirements, before it again starts to tes' 
stations for traffic. 

Each message in the tape at the sending 
station is terminated by ‘Figures,’ H 
“Letters,’’ which indicates the end of < 
message, but it may not be economical o 
line time to limit a transmission from < 
station to one message. The statiot 
operators therefore are instructed by the 
customer regarding the maximum numbe: 
of messages that may be included in « 
transmission. This number may be dif 
ferent for different stations, depending o1 
traffic needs. Following the ‘Figures,’ 
H, ‘‘Letters” characters of the last mes 
sage, two additional characters, H an 
“Letters,” are perforated in the tape 
These characters, when registered in th 
incoming line circuit, cause the trans 
mitter-start circuit to test other sendin: 
stations on the line. 


Originating Station 


For traffic originating at the switchin 
office an automatic sending teletypewrite 
set is used (16), which is connected to a 
originating station circuit (17) and | 
director (18). The action of this directo 
is the same as (4), except that it control 
the sending set instead of a reperforatot 
transmitter. 


Multiple Address 


Traffic consisting of messages intrc 
duced at a sending point to be delivere 
to a multiplicity of receiving stations i 
the system is handled by the multiple 
address circuit. 

When a sending operator prepares 
message for delivery to a number of ste 
tions, a 2-character multiple-address cod 
first is perforated in the tape. Th 
operator then follows this specific mu 
tiple-address code by the codes of the ste 
tions of destination. There is no limite 
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tion upon the number of station codes 
that may be inserted. The multiple-ad- 
dress code instructs the director at the 
| switching office involved to deliver the 
message to one of two reperforator- 


transmitters associated with the multiple- . 


address circuit (19). The whole mes- 
sage, including addresses and text, is 
perforated‘in one of the machines of the 
multiple-address circuit. 

The multiple-address circuit is equipped 
with a special type of director which 
discards the multiple-address code and 
then starts reading the individual codes. 

Assume the first code is for a station on 
the outgoing line (7). When the reading 
of the address by the multiple-address 
director indicates that this particular out- 
let is required, a bid is made to the out- 
let. If one of the outgoing line machines 
is idle, it is connected to the multiple- 
address circuit. 

Connection of the outgoing line circuit 
to the multiple-address circuit causes the 
multiple-address director to send the code 
to the connected machine of the outlet 
and then without disconnecting from it to 
blind the transmission path. The second 
address is then read and connection to 
another outlet made in the same manner. 
If another address is for an outlet already 
connected, the transmission path is un- 
blinded, the new address is transmitted, 
and the transmission path again is 
blinded. In like manner, all the ad- 
dresses are read and the required outlets 
connected by means of multiple trans- 
mission paths. 

If an address calls for transmission to 
another switching office, a trunk is con- 
nected. In connecting to a trunk, how- 
ever, it is necessary to indicate to that 
trunk that this is a multiple-address 
message, so that it can be handled via the 
multiple-address message circuit in the 
next office. When, therefore, connection 
is made to a trunk for the first time, the 
multiple-address director inserts a mul- 
tiple-address code ahead of the first ad- 
dress. 

When all the addresses have been read 
and sent to the various outlets, the ‘‘Car- 
riage Return,’ “Line Feed” signals pre- 
_ ceding the text are read, which causes all 
_ the connected outlets to be unblinded and 
the text of the message to be sent to all 
outlets simultaneously. The ‘Figures,’ 
4H, “Letters” characters following the 
message text release the connections. 


Group Code 
Part of the multiple-address traffic of 


2 many customers includes many messages 
_ which are sent to the same group of sta- 
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tions as a matter of routine. Consider- 
able saving in operating time and better 
accuracy is obtained by assigning each of 
these groups a single 2-character code. 
When such a code is encountered by the 
multiple-address director a group code 
circuit (20) is called into action and makes 
a simultaneous bid to all the outlets con- 
cerned. When all the outlets involved 
have been connected, the multiple-ad- 
dress director sends the group code and 
the message to all these outlets. 


Supplementary Multiple Address 


When the volume of multiple-address 
traffic is large, the capacity of the mul- 
tiple-address circuit may be augmented 
by using the supplementary multiple-ad- 
dress circuit (21), which handles 2-, 3-, 
and 4-address messages. 

When using the supplementary mul- 
tiple-address circuit, specific multiple-ad- 
dress codes are assigned to 2-, 3-, and 4- 
address messages, and the regular di- 
rectors connect the incoming sources to 
one of a maximum of five input levels of 
this supplementary circuit. A maximum 
of ten outputs, each equipped with a regu- 
lar director and a_ reperforator-trans- 
mitter, may be provided. 

Tf an input level is called into action by 
the 2-address code, it is informed that two 
outputs are required. When two outputs 
are connected, the first address is placed 
on the machine of the first and the second 
address on the machine of the second. 
The text of the message then is trans- 
mitted to both machines and the con- 
nection is released. Thus, the 2-address 
message has been broken into two single- 
address messages, which are handled by 
the directors connected to the outputs in 
the same manner as does a director con- 
nected to an incoming line. 

Similarly, the 3- and 4-address mes- 
sages are reproduced as three single- and 
four single-address messages. 


Interception 


Different opening and closing times of 
stations because of time-zone differences 
or shutdown of stations for holidays or 
maintenance make it desirable to have a 
means of intercepting messages bound for 
such a station or stations for later de- 
livery. Such a device, the willful inter- 
cept circuit (22) which may have one or 
two receiving paths, is provided for the 
interception of single-address messages. 
The operation of keys diverts the traffic 
to be intercepted to this circuit. At 
a later time, this traffic which is stored 
in a reperforator-transmitter can be 
re-entered into the system automati- 
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cally by means of its associated director. 

Multiple-address messages which use 
individual station codes are intercepted 
on typing reperforators by the multiple- 
address intercept circuit (24). 

Another type of interception is neces- 
sary to take care of unassigned codes 
which may occur from errors on the part 
of the operators or troubles in transmis- 
sion. 

When an unassigned or mutilated code 
is encountered by either a regular director 
or a multiple-address director, a miscel- 
laneous intercept circuit is called in (23) 
or (24), which records the addresses and 
text on a typing reperforator. Any 
traffic recorded in this circuit has its ad- 
dresses corrected by the switching office 
attendants and is re-entered into the 
system at an originating station. 


Guards Against Message Loss and 
Delay 


Message-numbering methods such as 
point-to-point and channel numbering 
have been used on teletypewriter systems 
for many years to discover system failures 
or troubles which have resulted in lost or 
delayed messages. Messages are not con- 
sidered lost if they are delivered to a 
wrong point, as they can be rerouted. 
Neither numbering method provides for 
quick discovery of the loss or delay of a 
message, and in high-speed systems a 
message may be worthless if delayed more 
than a few minutes. Extra clerical work, 
with its added opportunity for human 
errors, and the consumption of valuable 
line time for number transmission are 
additional weaknesses of number-check- 
ing methods. 

If proper precautions are taken to 
guard against message loss and delay, the 
use of message-numbering may be cur- 
tailed or entirely eliminated except as 
it may be needed for message identifica- 
tion. With this in mind the 81C1 system 
was designed to include many safeguards 
against message loss, as well as alarms 
which quickly and forcibly call the atten- 
tion of operating personnel to trouble 
conditions. Some of these safeguards and 
alarms are discussed briefly in the follow- 
ing paragraphs. 

The substitution of one valid code for 
another at the head of a message due to 
operator error or trouble will result in 
delivery to the wrong station, from which 
point the message can be rerouted. 

The appearance of an invalid code at 
the head of a message, due to operator 
error or failure of machines or lines, when 
received at a switching office will direct 
the message to miscellaneous intercept 
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with both an audible alarm and a visual 
alarm, If the invalid code appears on a 
multistation outgoing line, provision can 
be made so that the message will be typed 
on all receivers or on any master receiver 
selected for this purpose. An audible and 
visual alarm at the receivers then calls 
the operators’ attention to the message. 

If no end-of-transmission combination 
is received at the switching office from a 
multistation incoming line, an automatic 
end-of-transmission is registered after 45 
seconds of idle line time, 

An open line or trunk to the switching 
office is alarmed both audibly and visually 
at the switching office. An open out- 
going multistation line is alarmed visually 
at each receiving station or at specific 
stations chosen for the purpose. Open 
single-station lines and loops to local out- 
lets cause the receiving machine to run 
open, 

The failure of an incoming line reper- 
forator-transmitter or receiving-only 
machine to respond to signals, tape failing 
to feed through the punch blocks, torn 
tape, and low tape supply are all audibly 
and visually alarmed at the switching 
office, Similar conditions on other tele- 
typewriter apparatus at the switching 
office not only are alarmed, but the ma- 
chines also are automatically made busy 
to further messages until the condition 
is cleared, 

Failure of the switching circuits to 
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complete their functions, as well as cer- 
tain other improper functioning of these 
circuits, is alarmed. 


Maintenance of Service 


All circuits and machines utilized in this 
system are wired through plug connectors 
in order to allow the immediate replace- 
ment of a defective circuit or machine by a 
spare. A system of keys and lamps is 
provided at a control board (Figure 7). 
At this board lamps indicate traffic flow 
and stations sending on all circuits, keys 
provide for controlling the traffic flow as 
desired, and other lamps identify alarm 
conditions in individual circuits so that 
the quick diagnosis of trouble is greatly 
facilitated, 

ach office is equipped with a testing 
unit (igure 8) to which nearly all circuits 
can be patched for test and at which all 
machines can be tested and repaired. 


Equipment Arrangements 


Iigure 9 shows the switching office at 
the General Motors Corporation in De- 
troit, Michigan, The machine cabinets, 
each of which mounts two reperforator- 
transmitters, are shown at the right and 
in the rear of the middle row. These 
cabinets are of the unit type which allows 
for ready installation and additions. At 
the extreme right behind the reperforator- 
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transmitter cabinets are the oabine 
which house the relay circuits for t 
various functions that have been 
scribed, These relay cabinets are manu 
factured as packages containing com 
binations of circuit units, so 
great flexibility as to the initial size 
systems, as well as their expansion or con- 
traction after they have been installed, 
obtained. 

At the left of the office are shown the 
originating stations, while in the front 
center appear the terminal traffie receiv 
ing-only teletypewriters which are asso- 
ciated with the incoming lines and the 
typing reperforators associated with the 
miscellaneous intercepts, 


Continued Development 


Active development is being continued 
to provide new and improved features for 
this type of system. This development is 
based on engineering studies of the needs 
of potential users, as well as the experience 
gained with the six large systems now in 
service, Increased speed of message de- 
livery, greater line capacities, more rigid 
message security, greater switching office 
capacity, simpler operating procedures, 
and simplified circuit arrangements to 
reduce maintenance effort are among the 
items being covered in the present de- 
velopment program, 


Automatic Trunk Selection in 


Reperforator Switching 
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| eee phase of Western Union’s 


mechanization program was greatly 
accelerated after World War II and was 
completed in 1950. This phase consisted 
of installing large reperforator switching 
centers to replace manual offices in 15 
cities selected to serve as area centers for 
the various sections of the country. A 
concurrent phase of the program was the 
enlargement and improvement of the 
trunk and tributary circuit network, 
principally through the use of carrier 
current techniques, to provide a modern 
nation-wide transmission system for the 
15 switching centers and their tributary 
offices. The result is a nation-wide tele- 
graph system of greatly increased effi- 
ciency and capacity, with improved ac- 
curacy and speed of service. 

Prior to 1948, 7 of the 15 reperforator 
switching centers had been installed. 
The methods and equipments employed 
in those installations have been described 
in previous AIEE papers. Plug and jack 
switching)? (Plan 2) is used in the first 


5 centers, while push-button switching® 


- Since 


(Plan 20) is used, in the next 2 centers. 
1947, 8 reperforator switching 
centers that employ both push-button 


and automatic switching (Plan 21) have 


_ been installed. 


In addition, most of the 


older switching centers have been in- 


: 


a 


centers serve the entire country. It is the 
purpose of this paper to give a general 


OO eee 


. 
_ available for printing December 14, 1950. 


W. B. Branton is with The Western Union Tele- 
graph Company, New York, N. Y. 
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creased in size to permit enlargement and 


realignment of their areas, so that the 15 


_ description of the present network of in- 


_ Paper 51-78, recommended by the AIEE Com- 
munication Switching Systems Committee and 
approved by the AIEE Technical Program Com- 
_ mittee for presentation at the AIEE Winter General 
_ Meeting, New York, N. Y., January 22-26, 1951. 

Manuscript submitted October 25, 1950; made 
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terconnected switching centers and to 
describe the new developments in reper- 
forator switching employed in the latest 
installations. 


The Telegraph System Prior to 
Reperforator Switching 


Prior to the installation of reperforator 
switching centers and the inauguration of 
the 15-area plan, the main office in each 
of the larger cities throughout the nation 
was in effect an area center or “relay” 
office. The term “relay” is used here 
to denote the physical operation of re- 
ceiving a telegram into an office over one 
circuit and then, in accordance with its 
address of destination, “relaying” it or 
sending it out of the office over another 
circuit. Each of those relay offices, total- 
ing more than 100, served the smaller 
cities, towns, and villages in its immediate 
vicinity over direct telegraph lines. 
Trunk connections were established be- 
tween many relay offices, but it was not 
economically feasible to connect each of 
them with all the others. Each office re- 
layed telegrams from its tributary offices 
to other relay, offices, where they were 
relayed again either to point of destina- 
tion or to still other relay offices until 
they were transmitted to point of destina- 
tion. Each relay operation required a 
receiving operator to gum on a blank the 
incoming message produced by the tape 
printer, a pickup and distributing system 
to move it to the desired sending position, 
and an operator to retransmit it. 


Block State Routing Areas 
In determining the limits of the area 


that each reperforator switching center 
would serve, primary consideration was 
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given to arranging the areas so that the 
address on a telegram would indicate 
readily the area to which it should be 
routed. This was achieved by dividing 
the country into areas along state lines. 
Each area comprises one or more entire 
states in which the telegraph offices in all 
cities, towns,*-and practically all the 
smaller communities have a direct con- 
nection to the reperforator switching 
center serving that area. Figure 1 illus- 
trates the block state routing area plan 
and shows the area center for each of the 
15 areas. 

Each area center has direct trunk cir- 
cuits to each of the 14 other area centers. 
Where the traffic load warrants, trunk cir- 
cuits are provided between an area center 
and large tributary offices located in other 
areas. In addition, many of the large 
tributary offices located in the same area 
or in different areas are connected by 
trunk circuits. The tributary offices that 
have trunk connections to cities other 
than their own area center also are known 
as “terminal” offices. Many telegrams 
now receive a city-to-city service, and 
with but few exceptions the remainder of 
the telegrams are relayed through only 
one or two intermediate offices. Most of 
the relaying operations occur in the 15 
area centers, where the relaying is ac- 
complished by a switching operation and 
the automatic retransmission of the mes- 
sage. 


Area Switching Centers 


Each of the area switching centers also 
is the distribution point for the city in 
which it is located and, therefore, has con- 
nections to the public branch offices in 
that city. The connections to each of the 
tributary and branch offices, and to the 
centers and terminal offices in other areas, 
consist of one or more automatic printing 
telegraph circuits. Besides the telegrams 
handled over those circuits, an area center 
receives and sends telegrams over such 
facilities as patrons’ teleprinter and fac- 
simile tie lines, telephones, pneumatic 
tubes, and Morse. For technical or oper- 
ating reasons, it is not practicable to con- 
nect these facilities directly into the re- 
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Block 


routing areas 


Figure 1. 
state 


perforator switching system. Local send- 
ing and receiving positions therefore are 
provided in an area center for handling 
the interchange of telegrams between such 
facilities and the switching system. 

The reperforator switching system in- 
stalled in the last eight area centers is 
the Plan 21 system. In a Plan 21 area 
center, telegrams received from points 
within the area are switched automati- 
cally by means of selection characters pre- 
fixed to each message, while telegrams re- 
ceived over incoming trunks from other 
areas are switched manually by means of 
push buttons. 

Provision is made for switching auto- 
matically from incoming tributary and 
branch office circuits and from local 
operators’ sending positions to a maxi- 
mum of 73 destinations. In a particular 
area center, these destinations comprise 
the other 14 area centers; the terminal 
cities in other areas to which the center 
has trunks; the large tributary cities 
within the same area; and various posi- 
tions within the switching office which are 
used for segregating certain traffic. Table 
I lists the destinations to which messages 
may be switched automatically through 
the area center at Boston. 

Provision is made for push-button 
switching from the interarea trunks to a 
maximum of 270 destinations. The des- 
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tinations reached by push-button switch- 
ing include all the interarea, intra-area, 
and intraoffice points to which the 
switching center has connections. 

Since, for economic reasons, the auto- 
matic switching facilities do not reach 
directly all of the destinations included in 
push-button switching, “‘crossover’’ facili- 
ties are provided. Telegrams originating 
within the area and destined for points 
within the area that are not included in 
the automatic switching are prefixed with 
the call letters of the ‘“‘home”’ area center. 
This causes them to be switched auto- 
matically and transmitted via the cross- 
over facilities into printer-perforators at 
push-button switching positions, from 
whence they are switched to their destina- 
tion. 

The decision to switch messages auto- 
matically through the area center of 
origin and to switch them by push-button 
means through the area center of destina- 
tion in the Plan 21 system was based pri- 
marily on the routing problems involved 
in a public telegraph system. With the 
block state routing plan, it is a relatively 
simple process for sending operators, 
either from memory or by reference to a 
brief and simple route chart, to route and 
prefix each telegram with selection char- 
acters to switch it through the area center 
of origin. The vast majority of these 
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telegrams are switched automatically 
directly to outgoing trunks, while only a 
small portion pass through the crossover 
facilities and require a push-button 
switch. However, about one-half of the 
telegrams received at an area center from 
other area centers are destined to tie lines, 
branch offices, and so forth, in the area 
center city, and to small communities 
served by telegraph offices in towns ad- 
jacent to them. It is necessary to main- 
tain elaborate route charts for the guid- 
ance of the switching clerks in directing 
these messages. For the present, it was 
deemed inadvisable to disseminate this 
routing information to all the telegraph 
offices throughout the country in order to 
permit automatic switching through the 
area center of destination. 


Equipment and Circuit 
Arrangements at a Plan 21 Area 
Center 


Figure 2 is a block diagram of the prin- 
cipal equipment and circuit arrangements 
employed in a Plan 21 area center. The 
receiving channels of typical circuits are 
terminated on the right-hand side of the 
diagram. The associated sending chan- 
nels are terminated on the left-hand side. 
The intraoffice switching facilities serve 
to switch and transmit messages on a 
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selective basis from receiving equipments 
‘0 sending positions. 
Each line sending position (S/ to S8) 
comprises an intraoffice reperforator for 
broducing in perforated tape form the 
messages switched over the intraoffice 
‘iacilities, one automatic numbering ma- 
lam for each destination that the position 
serves, and & tape transmitter for repeat- 
ing into the sending channel or channels 
‘the messages received by the intraoffice 
‘reperforator. The “SS” sending positions 
\(S-2) and the “SS” push-button switch- 


sending positions (S-1 to S-3) used in the tuated by automatic switching units that 
interarea trunk and heavy tributary ‘‘read’”’ the two selection characters pre- 
sending section. The other sending posi- _ fixed to each message. 

tions (S-4 to S-8) have the same general 


appearance. Push-Button Switching 
The intraoffice connections between 
line receiving positions and line sending The receiving channels of interarea 


positions are established on a 9-conductor trunks (R/ of Figure 2) are terminated in 
basis through multicontact, multiposi-  printer-perforators at line receiving posi- 
tion, electromagnet-operated rotary tions. Associated with each printer- 
switches, termed ‘“‘connector switches.’’ perforator is an intraoffice transmitter 
In push-button switching, these switches through which the tape, produced by the 
are actuated by switching clerks depres- 


jing positions (R-2) represent the cross- sing destination push buttons in a turret, Figure 2. Principal equipment and circuit 
over facilities. Figure 3 shows the type of while in automatic switching they are ac- _—_ arrangements of a Plan 21 reperforator office 
i 
i 
i 
| SENDING POSITIONS INTRA- OFFICE | RECEIVING EQUIPMENTS 
' 
| SWITCHING FACILITIES ) 
: 
i PUSH- BUTTON TURRET | SENT 
TAP TAPE 
FLOW OF ©0060 REEL REEL Paaece | 
oe ee | | PERPERa tts 
TAPE AUTOMATIC | 125 WPM. 
REEL d NUMBERING | ——: d | tg 
Y PERFORATED.) MACHINES [= SSS t RECEIVING FROM oF 
| | is | ep Hti3 C | INTER-AREA TRUNK 
== roo, 
SENDING TO p , ' 
S$!) lTeR-area TRUNK eae ; es * CO) 
(0) | a ak RECEIVING FROM “sS"_] |, 
(0) L 5 [ SENDING POSITION 
Nee" Es % 
SENDING TO "SS = TF °,, PRINTER 
25 | 
Si icn-susTON PSH. PSs es Pian PERFORATOR 
if SWITCHES 
SENDING TO nil Aesied 
$3 _ JVI | PERFORATED (TAPE REEL 
HEAVY TRIBUTARY ios Hine 
READ- BACK PINS PUNCH PINS ———ob (c) | 
y WP. M. & [YY RECEIVING FROM ex 
| eae: UC | heavy trisutary 
° 
° 
| °od 25 
a 
© | : is 
ee: 
L_] % } REPERFORATOR 
ea SENDING TO ‘_ inna les iINTRA-OFFICE 
HEAVY BRANCH | TRANSMITTER 
R5 
S LOCAL Mev 
= SWITCHES OPERATOR'S TRANSMITTER 
gue SENDING KEYBOARD 
i. [auromatic | SELECTOR, 4°%o, POSITION PERFORATOR 
. | 1 switcHING |—SWITCH 2 
LOCAL OPERATOR'S UNIT ° 
RECEIVING POSITION (°) rio? \ 
Be SENDING TO aes | 
LIGHT TRIBUTARY 65 WPM. - RECEIVING FROM, 
— LIGHT TRIBUTARY 
° 
= SENDING TO 8} ] 
LIGHT BRANCH oe RECEIVING FROM) 
9025 ee LIGHT BRANCH 
oo | 
o | 25 
a, SENDING TO eRe RECEIVING FROM 
| 2 OR 3 STATION LJ 9 RECEIVING 20R 3 STATION 
WAY CIRCUIT Ben Orr | fodees DISTRISUTOR WAY CIRCUIT 
Po 
LINE | CONNECTOR | | 
TAPE SWITCHES 
TRANSMITTER fee) (arene 
SELECTOR | °°o, 
AUTOMATIC SWITCH Ce | 
FLOW OF TRAFFIC ae apo es se 
UNLESS OTHERWISE INDICATED \ 12 9° LINE FINDER 
| SWITCHES 
1951, VotumE 70 Blanton—Reperforator Switching 483 


Table |. 
Interarea Destinations 
4 
o 
a 
ook 
ten ae 
F a 
i 3 
ice? 
g @ 
‘3 em 
Sues 
ir} ° 
B = 
Area Centers 
Atierita: COdiltn carnage -aae =A 3 
Dallas; Pex t.cijs00 0 ate tes TH as eA 2 
Kandas) City oi Griiitnie ang ster ie teed 
Thos) Ageless, (Caultiaacssvcenngl Milos pacnare ae 
Minneapolis, Minn.........=M...... 2 
Oakland, Calif,....... arene net 3 
PHilsdelOniay Paonia crear 6 
Richmond; avai ecsenes > =R,, ary} 
St. Lows Mowetsonn tel a ciel 2 
Cincinnatr, Omi. un warieecc Mek 4 
Detroit Wieser aren eres ais eDey rats 
New Orleans, La,.... ECE RRC #h 2 
Portland, Ore Avie aeitees i 
OYTACUSe IN Veen esa een 5 
Terminal Cities 
Ghicago, Ils cane eran =C,. 1 
New MOD, UN: eNeite niga) or tiy aN a 7 
Washington, D.C... c1.0. 5 Wises 3 
Ailits sai IN (BNecahena nateeecnte revere VN SN des 1 
Baltimore MiG ree sie niente Aopen nrenatel 1 
Biaifalo, Ns. Xocauaers an area BU cere 1 
Cable Ofice Ne Wis iiiecsrsi Medes cam areca 
Cleveland, Ohio........... (OWS ey ori 2 
Milwatikee, Wis...cc.cs 000+ MWis anes 1 
Misti, Flaws von cteketome tes eirenaeiives anv -« 1 
Pittepurgi we Gone’ viene we PO inn! 1 
ROGHeatEr, Ng Werte ones 10 0 vee } 
San Francisco, Calif... .SF l 


printer-perforator, flows one message at 
a time for each switching operation. A 
push-button switching turret is provided 
for each three line receiving positions. 
Figure 4 shows the latest type of 3-posi- 
tion turret, The three printer-perforators 
are located on a lower shelf, while their 
associated transmitters are 
located in line on the upper shelf, thus 
making the reading platform for all three 
printed perforated tapes at the same 
level. Since the push-button and auto- 
matic switching are integrated into one 
common system within a center, many of 
the basic circuit arrangements are the 
saine, 


intraoffice 


In push-button switching, a switching 
clerk reads the address and destination of 
each message, determines the routing 
either from memory or by consulting a 
route chart, and then depresses an ‘“‘ini- 
tiate’ push button located near the 
transmitter and the appropriate ‘‘destina- 
tion” push button in the switching tur- 
ret. This causes the connector switches to 
set up a potential connection to the 
selected intraoffice circuit. An intra- 
office circuit may serve a destination that 
has one or several sending channels. In 
either case, potential connections are con- 
verted to actual connections by automatic 
allotting equipment only when one of the 
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sending positions of the desired destina- 
tion is idle, 

When an actual connection is estab- 
lished between an intraoffice transmitter 
and an intraoffice reperforator at a send- 
ing position, the automatic numbering 
machine at the sending position sends to 
the intraoffice reperforator the call letter 
or letters of the area center, the channel 
designation, and the message sequence 
number for that channel, after which the 
intraoffice transmitter transmits the mes- 
sage. When the end-of-message signal, 
consisting of two periods, is detected by 
relays in the intraoffice circuit, the trans- 
mitter is stopped and disconnected. 
Thereby the sending position is cleared 
for another connection. At the same 
time, the intraoffice transmitter at the 
switching position is cleared so that the 
switching clerk may proceed to switch 
the next message. 


Automatic Switching from Heavily 


Loaded Tributary and Branch 
Office Circuits 


Tributary circuits and branch office 
circuits are divided into three classifica- 
tions: heavily loaded circuits (more than 
250 telegrams per day), lightly loaded cir- 
cuits, and way circuits (two or three very 
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lightly loaded tributary offices on one 
circuit). The out-office end of each of 


these circuits terminates in an operating 


position, Figure 5, on which is located a 
keyboard perforator and tape transmitter 
for sending telegrams and a tape printer 
for receiving them. 

At the switching center, the receiving 
channels of heavily loaded tributary and 
branch office cireuits are terminated in 
“start-stop’’ reperforators located at line 
receiving positions shown in Figure 6. 


Once such a circuit is opened for traffic for — 
the day, the out-office sends at will. Each 


message is prefixed with two selection 
characters and an identifying preamble, 
and is terminated with two periods. 
Assume that Quincy, Mass., a tribu- 
tary of the Boston switching center, 
has a telegram to be transmitted to 
Scranton, Pa. The Quincy operator pre- 
pares the message in perforated tape 
form, preceding it with the following 
characters ; } 


=P space B.OYA figure-shift 236 


The first two characters are the selec- 
tion characters for Philadelphia, the area 
center that serves Scranton, The follow- 
ing characters identify it as originating in 
the B (Boston) area from the QY (Quincy) 
office over the A (first) channel and being 
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the 236th telegram sent on the channel 
that day. 

At Boston, incoming messages from 
Quincy are reproduced in perforated tape 
(no printing), which feeds into the intra- 
office transmitter located adjacent to the 


receiving reperforator. Any ‘“‘blank” 
characters between messages are stepped 
through the transmitter automatically 
until the first selection character of a 
message is over the feeler pins. A ‘‘mes- 
sage waiting” indicator, an electrome- 
chanical device that adds ‘‘one”’ each time 
the 2-period termination of a message is 
received and subtracts ‘“‘one’’ each time 
a message is switched, is provided at each 
receiving position to indicate to the auto- 
matic switching equipment that there are 
one or more messages to be switched. 

When there is at least one complete 
message on hand, an automatic switching 
unit, common to 12 positions, connects to 
that position. The intraoffice transmitter 
then sends the two selection characters 
and the following space character into the 
switching unit, which immediately func- 
tions to set up a potential connection to 
the intraoffice circuit of the desired des- 
tination, in this case Philadelphia. The 
automatic switching unit then is free to 
serve any of the 11 other positions with 
which it is associated. 

If a Philadelphia sending position is 
idle, or when one becomes idle, the poten- 
tial connection is converted automatically 
to an actual connection. The automatic 
numbering machine at the selected send- 
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Figure 3 (left). 
Trunk — sending 
positions 


Figure 4 (right). 

3-position push- 

button switching 
turret 


ing position functions, after which the 
intraoffice transmitter transmits the mes- 
sage into the intraoffice reperforator. 
During the transmission of the preamble, 
a call letters and sequence number com- 
parison takes place as described later. 
The two periods at the end of the message 
cause the intraoffice transmitter to stop 
and be disconnected. If the ‘‘message 
waiting” indicator indicates that another 
complete message is on hand, that mes- 
sage then is switched in a similar manner. 
When the last message at a position is 
switched, the receiving reperforator feeds 
out sufficient blank tape to permit the last 
character of the message to pass through 
the intraoffice transmitter. 


Local Operators’ Sending Positions 


Figure 7 shows a local operator’s send- 
ing position, Local operators prepare 
messages in perforated tape form, pre- 
fixing each message with selection char- 
acters and an identifying preamble, and 
terminating each one with two periods. 
At each position the tape flows, one mes- 
sage at a time for each switching opera- 
tion, through the intraoffice transmitter 
and the messages are switched automati- 
cally in the same manner as at heavily 
loaded tributary and branch office line 
receiving positions. 


Sequence Numbering of Messages 


One of the important features of Plan 
21 switching centers is the automatic 
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checking of sequence numbers of all in- 
coming messages that are switched auto- 


matically. In handling commercial tele- 
grams over a telegraph circuit, unrelated 
messages are transmitted, one after the 
other. It has long been telegraph prac- 
tice to protect each message against pos- 
sible failure or duplication resulting from 
equipment, circuit, or operators’ errors, 
by the use of sequence numbers. At the 
sending end of each circuit, a sequence 
number is prefixed to each message. At 
the receiving end of each circuit, the se- 
quence number of each message is 
checked, thus giving an immediate in- 
dication of the omission or duplication of a 
message. At reperforator offices, auto- 
matic numbering machines prefix se- 
quence numbers to outgoing messages, 
while the sequence numbers on incoming 
messages that are switched manually are 
checked by the switching clerks on a 
number sheet individual to the circuit. 

In Plan 21 automatic switching, 
whereby messages are switched through 
the office without human attention, elec- 
tromechanical facilities check the se- 
quence number of each incoming mes- 
sage. Not only do these facilities insure 
that each message is received at the 
switching center, but the protection is 
extended to checking, character by char- 
acter, to assure that the entire identify- 
ing preamble of each message actually is 
perforated correctly in the tape of the 
intraoffice reperforator at the selected line 
sending position. Messages having a 
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correct preamble are accepted by a send- 
ing position, those with an incorrect pre- 
amble are rejected and routine measures 
are taken to have those messages re- 
transmitted correctly from the sending 
offices or positions. 


Call Letters and Sequence Number 
Equipment 


The checking of the identifying pre- 
aimble of each message automatically 
switched from an intratransmitter posi- 
tion takes place while the preamble and 
first few characters of the message are 
being transmitted into the intraoffice re- 
perforator at the selected line sending 
position. These intraoffice reperforators, 
Figure 8, are equipped with read-back 
feeler pins much like the feeler pins on a 
tape transmitter. While a reperforator is 
punching into its tape a code combina- 
tion received over five conductors from 
an intraoffice transmitter, the feeler pins 
“read” the fifth preceding code combina- 
tion that was punched in the tape. The 
feeler pins actuate contacts that transmit 


Figure 8 (right). 


Figure 7 (below). 
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Intraoffice reperforator equipped with read-back pins 


Local operators’ sending position 


Figure 5 (left). 
Out-station oper- 
ating table 


Figure 6 (right). 
Line receiving 
position for 
heavily loaded 
tributary and 
branch office 
circuits 


this code combination back over the same 
five conductors to the intraoffice trans- 
mitter position, where it is compared 
electrically with a code combination as 
set up in a sequence number indicator. 

A sequence number indicator, Figure 
9, includes three rotary switches termed 
“call letters,’ ‘“‘tens,” and ‘“‘units’’ 
switches. The call letters switch is wired 
for the fixed characters in a preamble. 
For example, at the Quincy A-channel re- 
ceiving position it is wired for B.QYA 
figure-shift. Each of the tens and units 
switches are wired for the digits 1 to 0, 
inclusive. These two switches always in- 
dicate the tens and units digits of the se- 
quence number of the next message to be 
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checked at that position. 


Sequence 
numbers consist of three digits, for ex 

ample, 001, 002, and so forth, to 999. 
The checking functions require that there 
be a hundreds digit, but a check is not 
made to determine if it is correct. ji 


Call Letter and Sequence Number © 
Comparison 


In the description previously given of 
switching a message to Philadelphia from 
the Quincy receiving position, the intra- 
office transmitter starts its transmission 
with the character B of the preamble 
B.QYA figure-shift 236. After each 
character transmitted, a read-back code 
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combination is received at the Quincy 


receiving’ position from the Philadelphia 
sending position. Since the read-back 
characters are displaced five characters 
from the transmitted characters, the se- 
quence number indicator merely counts 
the first five read-back characters and 
then compares each of the nine preamble 
read-back characters with the code com- 
binations for these characters as set up in 
the indicator. If each character compares 
correctly, the intraoffice transmitter con- 
tinues to transmit the remainder of the 
message, and the sequence number indi- 
cator advances to the next higher number 
in readiness to compare the sequence 
number of the following message. 

When a read-back code combination 
differs from the code combination set up 
in the sequence number indicator, a 
wrong comparison results. Immediately 
the intraoffice transmitter is stopped and 
an electrical request is made for a ‘‘bust- 
this” unit that serves as many as 24 


transmitter positions. The bust-this 
unit, an arrangement of rotary switches 
and relays that functions to transmit a 
series of fixed characters, connects to the 
intraoffice circuit and sends into the con- 
nected intraoffice reperforator the fol- 
lowing characters: 


letter-shift space BUST space THIS . . 


The characters BUST THIS serve to 
cancel to the next office the trunk channel 
sequence number and that portion of the 
message received there. The two periods 

-ecatise the intraoffice circuit to be dis- 
connected, thereby freeing the line send- 
ing position for another intraoffice con- 

nection. A ‘wrong comparison’’ signal is 

‘operated at the intraoffice transmitter 
position to attract the attention of a 
supervisor, who takes routine steps to 

protect against loss or duplication of 

_ messages and to restore the position to 

_ operation. 

Occasionally, wrong comparisons may 
occur because of tape or equipment 
_ trouble at a line sending position even 
g though correct preamble characters are 
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Figure 9 (left). Se 
quence number in- 
dicator 


Figure 10 (right). 
Sequence number 
indicator rack for 
line finder circuits 


In order 


transmitted into that position. 
to detect such conditions, a check is made 
on the operativeness of each sending posi- 
tion when the bust-this unit sends into it. 
In the same manner as when the intra- 
office transmitter was sending, the intra- 
office reperforator transmits read-back 
code combinations to the bust-this unit. 
This unit compares the read-back char- 
acters for the first six characters it sent 
into the intraoffice reperforator. If a 
wrong comparison takes place on any of 
these characters, it indicates trouble at 
the sending position. Signals are oper- 
ated at that position to call an attendant 
to restore the position to service. 
| 


Automatic Switching from Lightly 
Loaded Circuits 


More economical facilities are provided 
at the switching center for lightly loaded 
tributary and branch office circuits than 
are provided for heavily loaded circuits. 
Each time an out-office on a lightly loaded 
circuit has a message for transmission, its 
receiving channel at the switching center, 
in effect, is switched automatically in ac- 
cordance with the two selection characters 
that precede the message, to a sending 
position of the desired destination. Trans- 
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mission of the message takes place from 
the tape transmitter at the out-oflice 
directly into the intraoffice reperforator 
of the selected line sending position at the 
rate of 65 words per minute. Thus, the 
intermediate reperforation that takes 
place at the line receiving positions of 
heavily loaded circuits is eliminated. 

In the operation of a lightly loaded 
circuit, the tape transmitter at the out- 
office is controlled by the switching center 
for the transmission of each message. 
Control signals, consisting of long spacing 
signals of definite length, that is, several 
times longer than spacing signals that 
occur in regular transmission, are trans- 
mitted from the switching center over the 
sending channel to the out-office. When 
it is necessary to send a control signal, a 
stop-sending condition is applied to the 
switching center sending position for that 
circuit. This stops or prevents message 
transmission until the control signal is 
sent, after which the stop-sending con- 
dition is removed. The control signals 
are generated and read by electronic 
timers. 

In connecting a 1-wire receiving chan- 
nel of a lightly loaded circuit to an intra- 
office reperforator, it is necessary to in- 
terpose a start-stop receiving distributor 
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to convert the 7-unit teleprinter code into 
the 5-unit code for simultaneous trans- 
mission into the 5-wire intraoffice cir- 
cuit. Also, associated with each re- 
ceiving distributor are other apparatus 
and circuit arrangements that assist in 
performing such functions as establishing 
connections and checking message pre- 
ambles. The receiving channels are ter- 
minated in line finders, consisting of pri- 
mary and secondary units, to permit a 
large number of receiving channels to be 
served by a smaller number of distrib- 
utors, generally in the ratio of approxi- 
mately three receiving channels to one 
distributor. A sequence number indi- 
cator quite similar to the one used at line 
receiving positions for heavily loaded cir- 
cuits is associated with each receiving 
channel. These indicators are mounted 
on racks, as shown in Figure 10. 

Out-office operators prepare each mes- 
sage in perforated tape form, prefixing it 
with selection characters and an identify- 
ing preamble and terminating it with two 
periods. For example, if the eighty-sixth 
message for the day from Concord, N.H., 
which terminates in the line finder at 
Boston, is destined for Detroit, the oper- 
ator precedes the message with the follow- 
ing characters: 


DE space B.COA figure-shift 086 


When the Concord operator has per- 
forated the complete message in tape 
form, she depresses a push button. Auto- 
matically, a spacing signal is sent over the 
circuit to Boston, thus placing a call in the 
line finder. The line finder responds and 
connects the Concord receiving channel 
and associated sequence number indi- 
cator to a receiving distributor, which in 
turn makes an electrical request for an 
automatic switching unit. When it con- 
nects, a 0.65-second spacing signal is sent 
to the Concord office, which causes the 
transmitter to send the two selection 
characters, DE, and the following space 
and stop with the character B over its 
feeler pins. In response to these selec- 
tion characters, the automatic switching 
‘unit sets up a potential connection to the 
Detroit intraoffice circuit. When this 
connection is converted to an actual con- 
nection to a Detroit sending position, the 
numbering machine functions, after which 
another 0.65-second spacing signal is sent 
to the Concord office. This causes the 
Concord transmitter to restart and send 
the message. While the first few char- 
acters are being received by the intra- 
office reperforator, a preamble comparison 
takes place between it and the Concord 
sequence number indicator. If the com- 
parison is correct, the Concord sequence 
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number indicator advances one digit and 
the message continues to its 2-period ter- 
mination, at which time all equipments 
involved are disconnected. 

If a wrong comparison occurs, the 
message is not accepted at the switching 
center and the sequence number indi- 
cator is not advanced to the next number. 
A 2-second spacing signal is transmitted 
immediately to the Concord office, which 
stops the transmitter and operates a “‘re- 
send”’ signal which necessitates the oper- 
ator taking routine action to correct and 
resend the message. At the switching 
center, a bust-this unit connects to the 
receiving distributor and functions in the 
manner previously described. 


Automatic Switching from Way 
Circuits 


Very lightly loaded tributary offices 
generally are combined on 2-station or 3- 
station way circuits which terminate in 
single line repeaters at the reperforator 
office. Separate sending and receiving 
channels extend from these repeaters to 
the switching center, but the circuit ar- 
rangements are such that transmission can 
be in only one diréction at a time. 

In automatic operation, it is essential 
that there be no clash between the trans- 
missions of the way offices themselves or 
between those of the way offices and the 
sending position at the switching center. 
This is accomplished by an automatic 
arrangement at the switching center, 
which constantly assigns, in a regular se- 
quence, the line to each of the way sta- 
tions for incoming messages and to the 
switching center for outgoing messages. 

Way circuits are terminated in the line 
finder in the same manner as other lightly 
loaded circuits, except that a separate 
sequence indicator is provided for each 
station on the circuit. When a way sta- 
tion operator has prepared a complete 
message in perforated tape form, she de- 
presses the initiate push button. As 
soon as her station receives a signal that 
the line circuit is assigned to it, the auto- 
matic switching and transmission of the 
messages takes place as it does on any 
other line finder circuit. 


Automatic Switching Units 


Automatic switching units that serve 12 
intraoffice transmitters and those that 
serve 12 receiving distributors are essen- 
tially the same in operation and appear- 
ance, their differences being primarily in 
the circuit arrangements that originally 
receive the two selection characters. In 
each type of unit, three 10-level, 25-point 
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rotary switches, termed “A”, “B/’ and 
“C”’ connector switches, are provided for 
each transmitter or distributor. Each 
transmitter or distributor is connected to 
the rotor (wipers) of its ‘‘A’’ connector. 
The first 23 points of the stator of this” 
switch are connected to intraoflice cir-— 
cuits for 23 destinations, the twenty- 
fourth point is connected to the rotor of 
the “B” switch, and the twenty-fifth 
point to the rotor of the “C” switch. 
The stators of each of the ‘““B” and “C”- 
switches are connected to the intraoffice 
circuits of 25 destinations. 


Except for a few necessary and desir- ; 
able changes, the original call letters of — 
offices are used as selection characters. . 


In order that all selection character com-— 
binations may consist of two characters, 
an “equals sign’ character is placed 
ahead of single letter office calls. 


+ 


Eachil 


| 
q 


automatic switching unit is provided with : 
an “office call selector” consisting of a_ 
group of relays that serve to translate the ; 


series of unrelated selection characters 
into a uniform pattern for controlling the 
stepping of the connector switches. The 


office call selectors must be custom wired — 


for each switching center, but the se- 


lectors in any onecenter are allalike.~ 
Occasionally, because of the temporary — 


loss of trunk circuits to a distant office or 


for other reasons, it is necessary to route ~ 
messages at a switching center to out-_ 
going circuits other than those to which — 


the messages normally would be switched. 
It is impracticable to notify all out- 
offices of temporary routing changes 
Therefore a ‘‘traffic routing board,” con- 
sisting of a group of jacks for each switch- 
ing unit, is provided to permit a super- 
visor to control the switching units by in- 
serting patching cords so that messages 
for any one or more destinations auto- 
matically will take the desired new rout- 
ings. 


Trouble Detecting and Protective 
Features 


The automatic switching equipments 
are provided with trouble detecting and 
protective facilities to assure efficient 
operation. Generally, these facilities 
consist of electronic timers that are in- 
cluded in each step of the chain of opera- . 
tions. These timers start to function at 
the beginning of each event, and, if that 
particular operation is not completed 
within a predetermined length of time, 
some disposition of the connection is made 
that is compatible with safeguarding the 
message. 


‘ 
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The merits of both manual and auto- 
matic reperforator switching methods in 
the area switching centers have been 
proved in actual day-to-day operation. 
Development studies still are under way 
for the further improvement of reper- 


| forator switching for use in the public 


telegraph system, with particular em- 
\ 


\ 


phasis being placed on obtaining efficient 
systems for use in the terminal offices 
having a large city distribution. 
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Synopsis: The single-frequency signaling 
system for long-distance telephone trunks 
frees dial calls from the range and other 
limitations imposed by d-c signaling meth- 
ods. It uses alternating currents in the 
voice range as the signaling medium and so 
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type of line facility which meets voice- 
transmission requirements. The signaling 
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tures of the circuit and equipment arrange- 
ments, and the operation of this system are 
outlined in this paper. The system de- 
scribed is the first practical arrangement of 
its type satisfactorily to meet all the condi- 
tions of telephone service in the Bell Tele- 
phone System. 


N PLANNING for nation-wide dialing 
of long-distance telephone calls, the 
desirability of providing an a-c signaling 
system for dial telephone trunks soon be- 
came apparent. In the past long-distance 
calls were completed manually or by dial- 
ing over limited distances. For these dial 
calls d-c signaling, was adequate and was 
the most economical and reliable method. 
The extensive growth in carrier line facili- 
ties which do not have associated d-c 
paths and the planned expansion in dial- 
‘ing ranges for long-distance calls make it 


: necessary to supplement the existing d-c 
signaling arrangements with an a-c sig- 


“naling system. The single-frequency 


_ signaling system is designed for this serv- 
ice. It employs alternating currents in 
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the voice frequency range to pass super- 
visory and dialing signals over the voice 
path of long-distance telephone trunks. 

A telephone trunk is a complete com- 
munication channel between manual or 
mechanical switches. These trunks are 
the major links in most telephone calls 
and provide. 2-way speech transmission 
and 2-way signaling to facilitate build-up 
and breakdown of the temporary con- 
nections commonly required. Dial sys- 
tem trunks which terminate in mechani- 
cal switches have more exacting signaling 
requirements than any other type of 
trunk. 


Basic Plan 


The single-frequency signaling system, 
although fairly complex in detail, is very 
simple in principle. It uses a distinctive 
frequency within the voice band which 
passes as readily as speech over the trunk 
transmission line. Normally, speech and 
the signal frequency are not on the line 
simultaneously. The signal frequency is 
applied and removed at each trunk ter- 


Table | 


Trunk Condition Signaling Frequency 
Calling to Called End 


Idle (disconnect)..........- On 

Seizure and hold (connect) . . Off 

Dial pulsing*.............-On, then off; on pulses 
corresponding with 
dial break intervals 

Re-ring (ring forward)...... On, then off, one pulse 

Disconnect (idle)......++++ On 


* Multifrequency pulsing! is a faster means of 
transmitting number information often used instead 
of dial pulsing. Its use eliminates only the dial- 
pulsing signals. 
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No Discussion 


minal to operate and release a relay at the 
other end. The operation is similar to 
that obtained by closing and opening a 
d-c loop circuit for each of the two direc- 
tions of signaling. Independent opera- 
tion is obtained in each direction with one 
signal frequency on 4-wire lines which 
have separate l-way transmission paths 
from terminal to terminal and with two 
different signal frequencies, one for each 
direction of transmission, on 2-wire lines. 

The signaling system is provided as a 
separate entity. It is connected at each 
end of a trunk to the relay equipment by 
two l-way signaling leads and is put in 
series with the line circuit on a 4-wire 
basis; that is, through separate trans- 
mitting and receiving branches. A typical 
arrangement for a 4-wire line having 2- 
wire switching at the West terminal and 
4-wire switching at the East terminal is 
shown in Figure 1. 

In the case of 2-wire lines, the signaling 
equipment is applied to the E-W and 
W-E transmission paths of the terminal 
repeaters, using a different frequency for 
signaling in opposite directions. This is 
done to avoid difficulties which would 
otherwise be caused by echoes introduced 
by unbalances in the 2-wire repeaters. 


Trunk Signals 


Before going into the details of the sig- 
naling system itself it seems appropriate 


Table Il 


Trunk Condition Signaling Frequency 
Called to Calling End 


Idle (on hook supervision). .On 


Stop pulsing ais wet ees as Off 
SEALE PUlSIM sc leisce sieiernin elelets On 
Elementi oe ei ray, silenkto rater cya se Off, then on; off pulses 


corresponding with 
off hook supervision 
Answer (off hook super- Off 
vision) 
Ring back On, then off; on for 
duration of ring 
Hang up (on hook super- On 
vision) 


* Stop-and-start pulsing-control signals are re- 
quired only in connection with common control 
switching equipment. 


** Flashing signals appear on a supervisory lamp 
in the cord circuit of the originating operator and 
are used to inform her of the condition of a call, 
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WEST TERMINAL 


EAST TERMINAL 


4WIRE vo 


2 wire |s — | TRUNK TRUNK 4 WIRE 
SWBD. OR TOLCILINE cKt, |SONTROL | switcHiNG 
SWITCHES] Ry EQPT, 


to review the trunk signals it is called 
upon to transmit. Most intertoll trunks 
are arranged for 2-way operation, which 
means that a connection can originate at 
either end. To permit this operation, the 
signaling in each direction must be sym- 
metrical and the trunk must allow the 
direction in which the connection is es- 
tablished to determine the signaling use. 
The latter is conveniently identified by 
different names for the trunk signals in 
the two directions. Only two signal con- 
ditions, that is, tone on or tone off, in each 
direction are required for all dial trunk 
signals. Tables I and II show the re- 
quired dial intertoll trunk signals, to- 
gether with the action taken in regard to 
the signaling frequency. 

The signaling system must be able to 
handle the fastest signals needed. These 
are the dial-pulsing signals where the 
shortest signal element may be as low as 
30 milliseconds. All other signals have 
longer durations. 

The maximum penmnissible transmission 
time for signals between trunk terminals 
is determined by the allowable unguarded 
interval on 2-way trunks, during which 
double connections may occur, and also 
by the stop-pulsing signal recognition in- 
terval. This time is limited to 175 milli- 
seconds. 

The distortion permitted in the trans- 
mission of signals is proportional to the 
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time duration of each signal. In general, 
variations in signal time should be within 
+5 per cent. All effects of the trunk 
signal medium should be confined within 
the trunk terminals or be of such char- 
acter as to have no adverse reaction in 
connected circuits. This is necessary for 
proper operation of switched connections. 


General Design Factors 


The single-frequency signaling system 
is an effective continuous (as contrasted 
to a “‘spurt’’) signaling scheme. Use of 
the voice path for this type of signaling is 
obtained only by compromise of a number 
of conflicting factors. The main prob- 
lems in design are presented in this section 
in order to facilitate an understanding of 
this development, which has features that 


Trunk plan with 4-wire line and 
single-frequency signaling 


Figure 1. 


are quite different from those used for 
signaling in the past. These design prob- 
lems are: Choice of signal frequency; 
interference to voice by signal frequency; 
impairment of voice by signaling equip- 
ment; imitation of signal by voite or — 
other tone; interference to signal by 
voice, noise, or plant tone; impairment 
of signal by voice transmission equipment; 
and audibility of signal to operators and 
subscribers. 


CHOICE OF SIGNAL FREQUENCY 


Although most lines transmit higher 
frequencies, the choice of a frequency for 
universal application is limited to the 300 
to 1,700 cycles per second (cps) band, and 
in order to avoid signaling at the edges of 
the band, is restricted to a 400—1,600 cps 
range. 

The frequency most favorable to 
trunk-signaling circuit design and opera- 
tion is thought to be the highest fre- 
quency that can be used. Primarily, this 
is because the energy in speech, which 
may interfere with signaling, in general 
decreases with ascent in frequency above 
1,000 cps. Accordingly, 1,600 cps is used 
for all 4-wire applications. 

Two-wire voice channels require dif- 
ferent frequencies for signaling in opposite 
directions. The use of 2,000 cps for the 
second signal frequency permits applica- 
tion of this system on practically all 2- 
wire lines. 


INTERFERENCE TO VOICE BY SIGNAL 
FREQUENCY 


The signal frequency is applied during 
the trunk idle condition and is removed 
for the connect and off-hook signals. This 
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E3 - NET SIGNAL VOLTAGE WITHOUT LIMITING 
@3.- NET SIGNAL VOLTAGE WITH LIMITING 
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| Figure 4. Elements of supply circuit 
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voice channel for signal and voice trans- 
mission in most cases and normally the 
_ two are not on the line simultaneously. 

Tn order to limit crosstalk into adjacent 
voice channels and to avoid adding ex- 
cessive signal power to the repeaters, 

it is desirable to use the lowest 

practicable signal power on the voice 

channel. A power of —20 decibels 

below 1 milliwatt (dbm) at zero trans- 
mission level, which is just above the low 
quarter of the average voice power range, 
is satisfactory for steady application of 
the signal frequency. In order to obtain 
an over-all margin of 8 decibels (db) the 
operate sensitivity of the receiver is set at 
—28dbm. A 14-db higher power is used 
for short intervals to overcome line noise 
and attenuation variations, as explained 
later. 


arrangement allows alternate usage of the 


IMPAIRMENT OF VOICE BY SIGNALING 
EQUIPMENT 


Normally, no reduction in the fre- 
quency band width of the voice channel is 
permitted for signaling. An exception to 
this rule is necessary for single-frequency 
signaling on connections to intercept 

operators because off-hook supervision 
is not provided when speech occurs on 
_ these connections. Under this condition, 
_ the tone is cut off from the subscriber by a 
narrow 1,600 (or 2,000)-cycle filter. This 
filter also takes a'‘‘slice” out of the voice 
_ band, which results in an effective trans- 
mission loss of about 0.5 db. 
_ The transmission loss to speech occa- 
sioned by the required continuous con- 
‘nection of the signal transmitter is about 
0.3 db, and there is no loss for the signal 
_ Teceiver. 


ImIraTIon oF SIGNAL BY VOICE OR OTHER 
TONE 


Since the signal receiver must be con- 
eted at all times to the voice channel, 
ecautions are necessary to prevent its 
operation by any occurrence of the 
al frequency in speech, music, plant 
2s, noise, and other energies on the 
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voice channel. Prevention of false opera- 
tion is comparatively easy if a free choice 
is permitted for any one of three design 
factors. These are (1) the signal fre- 
quency, (2) the operate sensitivity, and 
(3) the operate time of the signal re- 
ceiver. The protection inherent in these 
items, however, is limited, the first two 
by the line requirements and the third 
by the trunk-signaling requirements. 
Additional protective devices therefore 
are provided through circuit design. 
These consist in (1) the use of ‘‘guard 
action,” (2) the employment of as narrow 
a band width as practicable for the signal 
selection network, (3) the use of limiting, 
and (4) by means of relays the reduction 
of the operate sensitivity, the increase of 
the operate time, and the increase of 
guard action when the usual talking con- 
dition is established. 

The “guard action” is the principal 
factor in protecting the receiver against 
operation on speech. Guard action con- 
sists of the use of all frequencies other 
than those in a narrow band on each 
side of the signaling frequency to generate 
a direct voltage and in the application of 
this voltage to oppose the direct voltage 
resulting from the signal frequency which 
is used to operate the receiver. The com- 
bination of these two voltages plotted 
against frequency is shown in Figure 
2. A term which is used to specify the 


Figure 5. Supply 
unit 
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effectiveness of the guard action is ‘“‘guard- 
signal ratio” (G/S in Figure 2) or just 
“guard ratio,” a term also used by the 
British.” This is the ratio of the absolute 
value of the direct voltages at the grid of 
the d-c amplifier produced respectively 
by equal amounts of guard frequency (at 
maximum guard sensitivity) and signal 
frequency when separately applied. The 
provision of guard requires that more 
than the just operate power of signal fre- 
quency be available to operate a re- 
ceiver when it is exposed to noise or other 
than signal frequency. Also, the provi- 
sion of guard increases the operate time 
of a signal receiver. The amount of guard 
permitted is limited by the signal-to- 
noise relation when operation of the re- 
ceiver is required and by the operate time 
requirement. 

Protection is added by narrowing the 
frequency band accepted for operation of 
the receiver, since this reduces the effec- 
tive operating power of voice and noise 
frequencies. However, the amount of 
this narrowing is limited, as the operating 
band width must be sufficient to allow for 
frequency variation in the signal sup- 
ply, for carrier shift in the line, for varia- 
tions in elements of the tuned circuit in 
the receiver, and for the proper relation of 
the minimum signal time duration and 
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Figure 6. Elements of signaling circuit 


the time required by the tuned circuit to 
reach a steady-state condition. 

Volume limiting helps prevent false 
operation on high levels of speech. The 
theory of this action is illustrated in 
Figure 3. It is assumed that a burst of 
speech sounds contains a signal com- 
ponent, upper lines in Figure 3, and a 
guard component of one-half this value, 
lower lines. The dotted lines show a 
characteristic for a receiver with no 
limiting, while the solid lines are for one 
having limiting. As shown, a given large 
input will produce an output of FH, the 
difference between the signal voltage 
component and the guard voltage com- 
ponent, in the former case and of es in the 
latter, which is about one-half as much. 
This will be less likely to operate the re- 
ceiver (operate value e) when applied for a 
short interval of time. Either one will, of 
course, produce an operation if applied 
long enough. 

The change in the sensitivity and op- 
erate time of the receiver are practicable 
by reason of the higher signal power per- 
mitted for short intervals of time and the 
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longer time durations of supervisory sig- 
nals. The lengthened-operate time also 
requires that the re-ring signal trans- 
mitted from the sending end be length- 
ened by a corresponding amount. 


INTERFERENCE TO SIGNAL BY VOICE, 
Noise, OR PLANT TONE 


The use of guard action to prevent false 
operation of the receiver introduces the 
liability that voice, noise, or tones may 
prevent the operation of the receiver by 
signal frequency or may cause it to re- 
lease falsely once it is operated. By design 
this last effect is confined to the operate 
time of the receiver. After the receiver is 
operated the guard action is disabled and 
all voice frequencies hold the receiver 
operated. This shift is delayed for a short 
time in order to avoid increasing the 
hazards of false operation and does not 
occur during dial pulsing. To permit re- 
lease of the receiver after the shift takes 
place, the voice and noise power going into 


it must be about 3 db less than its operate 
sensitivity, 
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The frequencies that might interfere 
with receiver operation come from sources 
outside the trunk terminals either through 
connected circuits or by induction into 
the line. Ordinarily the power from con- 


nected circuits is much higher than that of — 


line noise. This interference coming 


through the trunk terminals is eliminated — 


effectively on 4-wire lines and its occur- 
rence greatly reduced on 2-wire lines by 
use of a cutoff relay in the signal trans- 
mitter and a blocking amplifier in the 
signal receiver to isolate the signal path 
in the trunk. The cutoff relay is operated 


: 


fever se 


just long enough when the signal fre- — 


quency is applied or removed to prevent 
noise at the transmitter terminal from in- 
terfering with the operation or release of 
the far-end signal receiver. The 1-way 
path of the blocking amplifier, which is the 
sole reason for its use as it is arranged for 
zero gain, is between the signal path of 
the receiver and its trunk terminal to 
shut out noise from that direction, In- 
terference by line noise is overcome during 
operation by an increase of 14 db in the. 
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Table Ill 
Idle, Dialing, and Talking 
Intercept Condition Condition 


Factor 


MEMMCUMIROUCNCY, CDS. 6.65 cis cn ececc ese edeeaeree 5 


Receiver sensitivity (0 level), dbm................ 
Receiver signal band width, cps.... 
Guard-signal ratio, db.............. 
Start of limiting above just operate, db... 
Minimum signal duration for operate, ms. 5 
Minimum signal duration for release, ms........... 


Siateietenstate he 1,600 or 2,000 


—28 —16 

60 60 

0 10 

Dae ustee ratetets sectaww's< 5 

Chis W Laneaacia son} 100 
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signal power for a short initial period 
when it is applied to the line by the signal 
transmitter. 


IMPAIRMENT OF SIGNAL BY VOICE 
TRANSMISSION EQUIPMENT 


Echo suppressors are examples of voice 
transmission equipment which may inter- 
fere with signaling arrangements using 
the voice channel. Only terminal echo 
suppressors can be used with single-fre- 
quency signaling and these must be 
located on the equipment side of the 
signaling equipment. 

Single side-band carrier channels are 
subject to frequency shift, and this must 
be held within reasonable limits to avoid 
too much impairment of the signal fre- 
quency. 


AUDIBILITY OF SIGNAL 


The addition of signal frequency to the 
voice channel must not annoy subscribers 
or operators. When the call is estab- 
lished, the tone is cut off, except on calls 
to intercept operators. In this case, low- 
level signal frequency is transmitted over 
the line, but is reduced by a band-elim- 
ination filter, with the result that the 
power at the calling subscriber’s telephone 
does not exceed about —60 dbm. At 
this time the power at the intercept 
operator’s telephone does not exceed 
about —45 dbm. These levels are con- 
sidered low enough to be inoffensive. 


SUMMARY 


The values of the design factors used for 
the equipment described in this paper are 
given in Table III. 

The design based on these factors is so 
nearly free from false operat?ons caused by 
speech that these average fewer than one 
per 1,000 conversations. 


GENERAL DESCRIPTION 


The components of the single-fre- 
quency signaling system (Figure 1) con- 
sist of the following: The signal fre- 
quency supply; the signal transmitter 
and receiver; the auxiliary l-way trans- 
mission path and filter; and associated 
test arrangements. 


SIGNAL FREQUENCY SUPPLY 


The signal supply includes a pair of 
single vacuum tube oscillators, a trouble 
alarm and transfer circuit, test and patch- 
ing jacks, and distribution resistances. 
The signal frequency is distributed on a 
2-wire metallic basis. The basic elements 
of the oscillator supply and transfer cir- 
cuit are shown in Figure 4, and the equip- 
ment unit, which is the same for either 
1,600 or 2,000 cps, is shown in Figure 5. 
The output capacity of one supply unit 
is sufficient to provide signal frequency for 
100 signaling circuits. The two oscillators 
operate continuously and normally share 


Figure 7 (below). Sig- 
naling panel 


AMPLITUDE 


Figure 8 (right). Typi- 
cal wave forms 
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the load equally. In case of trouble in 
one oscillator its load is transferred 
automatically to the other. The oscil- 
lator circuit is basically the same as that 
used in multifrequency pulsing’ and so is 
not described here in detail. 


SIGNAL TRANSMITTER AND RECEIVER 


This is the main unit of the signaling 
system and one is required for each trunk 
terminal. The essential elements of this 
circuit are shown in Figure 6, and the 
equipment panel is shown in Figure 7. 
It connects with the trunk relays over two 
leads, E and M, and into the line circuit 
with eight leads, T, R, 71 and R1, on both 
the line and equipment sides. The signal 
transmitter uses d-c biased germanium 
varistors to control the application of sig- 
nal current through a low transmission 
loss bridge on the line and has four relays 
designated M, CO, HL, and RR. The 
principal functions performed by the 
first three of these relays are shown in 
Figure 6. The RR relay (not shown) in 
conjunction with the M relay lengthens 
the sent pulse for the re-ring signal be- 
cause the far-end receiver at this time has 
a long operate time. The signal receiver, 
which is connected through a low trans- 
mission loss shunt path on the line, 
operates the signal relay in response to the 
appearance of signal frequency. In addi- 
tion it introduces blocking between the 
terminal equipment noises and the signal 
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1-way path and filter circuit 


Figure 9. 


path. Also, the level of signal frequency 
going past the signal receiver is reduced 
by a band-elimination filter. 

The receiving portion of the circuit is 
shown in the central and lower portions 
of Figure 6. It is wired in series with the 
receiving branch of the line and translates 
signals coming in from the line to ground 
on the £ lead, which in turn connects to 
the trunk circuit. The idle condition of 
the trunk is shown, tone is being re- 
ceived, and all relays shown are operated. 
The band-elimination filter is inserted to 
prevent the signal frequency from get- 
ting into a connected trunk and inter- 
fering with signaling there. The voice 
amplifier has zero gain and is used to pre- 
vent noise and other voice frequency 
currents, originating in switching equip- 
ment or connected circuits, from inter- 
fering with the operation of the receiver. 

The signal currents, received from the 
line, are amplified by the signal ampli- 
fier, passed through a limiter and low pass 
filter, and applied to the signal-guard 
network, from which signal voltage is ap- 
plied to the d-c amplifier to operate the 
RF, R, and RG relays and thus control the 
E lead, which extends into the trunk ter- 
minal equipment. Typical wave forms at 
several points in the circuit are shown in 
Figure 8, The extra operate time pro- 
vided during the talking condition is ob- 
tained from a slow release relay, which is 
inserted at this time, in the path from the 
R to the RG relay. Relays M and S are 
provided, but not shown, to cut in and 
out as required, the lesser sensitivity, the 
increased guard sensitivity, and the extra 
delay in operation. 

The R relay, because of guard action 
and the effect of its secondary winding 
being closed through a varistor and re- 
sistance, is relatively slow to operate and 
fast to release. For this reason some sort 
of pulse correction is necessary to get good 
dial operation. This is obtained with the 
RG relay and an associated condenser- 
resistance timing network, which results 
in an output pulse within the needed 
limits, even though the signal on the R 
relay is shortened considerably. To con- 
vert the receiver from operation on 1,600 
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Figure 10. 1-way path and filter unit 


cps to operation on 2,000 cps, it is neces- 
sary only to substitute networks. 


AUXILIARY 1-WaAy PATH AND FILTER 


This circuit is shown in Figure 9 and 
the equipment unit which provides two 
circuits is shown in Figure 10. The 
circuit consists of a simple zero-gain 
vacuum tube amplifier with optional 
arrangements for the addition of a signal 
frequency band-elimination filter and 
control relay. The circuit is connected 
into the voice-transmitting branch of the 
line on the equipment side of the single- 
frequency signaling main unit under two 
conditions: (1) on trunks equipped with 
terminal echo suppressors to prevent 
their false operation on signal current 
(the control relay and the filter are not 
provided for this application); (2) on 
trunks terminated in switchboards which 
are not arranged to disconnect the voice- 
transmission path while the operator is 
dialing. This is done to prevent false 
operation of the signal receiver when it is 
in the dialing condition, as at this time it 
is more susceptible to speech. This same 
circuit also is connected into the voice- 
receiving branch of 2-wire lines on the line 
side of the main signaling unit to prevent 
interference from the transmitted fre- 
quency at the same end. 

It connects into the voice branch with 
four leads, T and R on its line and equip- 
ment sides and, when the filter is pro- 
vided, to the main unit over lead A. The 
band-elimination feature of the filter in 
all cases is tuned for the transmitting 
signal frequency of the signaling circuit. 
This filter normally is switched out during 
conversation, The l-way path feature 
prevents interference with the operation 
of echo suppressors by signal frequency. 
The amplifier circuit provides a conven- 
ient way to place the filter, which is of 
the same design as that used in the sig- 
naling circuit, in a transmission path 
without changing its impedance relations. 


ASSOCIATED TEst ARRANGEMENTS 


Test jacks are provided in eight of the 
ten leads connecting the main signaling 
unit. These provide direct access for 
checking the performance of the operat- 
ing features of this circuit. Two other 
test jacks are provided in the unit for 
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checking internal portions of the cir- 
cuit. vi 

A fixed testing assembly is provided 
for each full or partial group of 100 sig- 


naling circuits. These facilities are sup- 
plemented by portable test sets. A full 
discussion of all the testing arrangements 
for this system is outside the scope of this 


paper. 
Operation 


It is assumed in the following brief 
outline of a typical operation that 4-wire 
lines are used and that the echo sup- 
pressor and blocking amplifier are not re- 
quired. 


NorMAL IDLE TRUNK CONDITION 


The trunk circuits have ground on the 
M leads to the 1,600-cps signaling trans- 
mitters, which apply the signal frequency 
to the transmitting branch of the line cir- 
cuit ateachend. The signal frequency is 
received in the receiving branches and 
holds the relays in the signaling re- 
ceivers. This keeps an open on the # 
leads to the trunk circuits. 


CALL ORIGINATING AT WEST END 


When a connection is made to the inter- 
toll trunk, say at the left or West end, 
through the switchboard or switches, the 
West trunk circuit takes ground off and 
puts battery on the M lead there. The 
new signal to the West signaling trans- 
mitter causes it to remove 1,600-cps 
signal frequency from the West to the 
East branch of the line. The absence of 
signal frequency in the East receiving 
branch releases the signal relay in the 
East signaling receiver and this puts 
ground on the £ lead to the East trunk 
circuit. This ground is the connect sig- 
nal, which prepares the East terminal 
for an incoming call. 


PULSING 


Pulsing now takes place. This may be 
either multifrequency pulsing! or dial 
pulsing, which consists in applying tone to 
the line for each break interval of the 
dial. 


CALLED SUBSCRIBER ANSWERS 


When the connection is completed at 
the East end, the called subscriber an- 
swers and an off-hook signal is receiyed 
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at the East intertoll trunk circuit, which 
takes ground off and puts battery on the 
M \ead there. This signal to the East 
signaling transmitter causes it to remove 
1,600-cps signal frequency from the East 
to the West branch of the line. The ab- 
sence of signal frequency in the West 
receiving branch releases the signal relay 
in the West signaling receiver, and this 
puts ground on the £ lead to the West 
trunk circuit. Since the call originated at 
the West end, ground on the £ lead here 
is an off-hook or subscriber answer signal. 


CONVERSATION TAKES PLACE 


At this time there is no signal frequency 


on the line and no impairment to the 
voice transmission. 


CALLED SUBSCRIBER Hancs UP 


On normal calls when conversation is 
completed, the called subscriber hangs 
up his receiver and an on-hook signal is 
received through the switches at the East 
intertoll trunk circuit. This changes the 
condition on the M lead there, from bat- 
tery to ground. Ground on the M lead 
causes the East signaling transmitter to 
apply 1,600-cps signal frequency on the 
East to West branch of the line. Pres- 
ence of signal frequency in the West re- 
ceiving branch operates the signal relay in 


the West signaling receiver and opens the 
E lead to the West trunk circuit, giving it 
the called subscriber’s on-hook signal. 


DISCONNECT 


Release of the intertoll trunk at the 
calling end causes a disconnect signal at 
the called end in a similar manner to that 
just described for the passing of the on- 
hook signal. Trunk, signaling, and line 
circuits return to the normal idle condi- 
tion. 


FLASHING 


On some calls flashing signals from the 
called end may occur. Typical signals of 
this type are shown in Table IV. 
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Techniques of Corona Loss Measurement 
and Analysis—500-Kv Test Project of 
the American Gas and Electric Company 


O. NAEF 


MEMBER AIEE 


HE TECHNIQUE of measuring 

corona loss on the 500-kv corona test 
lines has undergone successive refine- 
ments and expansion since the lines were 
first energized in October 1947. An 
earlier paper! describes the equipment for 
measuring corona loss and radio influence 
which was available at the beginning of 
the tests. This paper discusses the ex- 
perience gained during two years of 
testing, the methods used in checking the 
instruments and in analyzing the data, 
new equipment supplied, and the accuracy 
which has been attained in this work. 
As a result of this work data have been 
obtained which are consistent to +15 
watts per single phase mile, which com- 
pares quite favorably with the initially 
hoped-for accuracy of +150 watts per 
phase at 500 kv. 


Test Equipment 


The test equipment which was avail- 
able at the beginning of these tests, as 
well as that which has been added, will be 
discussed. This section covers the 
corona loss and the weather instrumenta- 
tion; the radio-influence equipment is 
discussed in a companion paper.” 


EQUIPMENT AVAILABLE AT 
TESTS 


START OF 


Three 3-phase test lines, two 1.4 miles 
and one 800 feet, were available for ex- 
perimentation. The corona-loss instru- 
mentation is contained in aluminum 
housings mounted on top of the high- 
voltage bushings of the three 1,667-kva 
single-phase 500/66-kv transformers 
which supply voltage to the lines. Three- 
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phase test voltages from 265 to 532 kv 
were available in 25 steps. Lower volt- 
ages, down to 152 kv, can be obtained 
by connecting the primary windings in 
wye. 

An individual wattmeter is provided 
for each conductor on the three lines so 
that single-phase losses, and the loss on 
each phase under 3-phase conditions, can 
be measured. The wattmeters are highly 
sensitive null-type wattmeters developed 
especially for this project and so designed 
that readings can be taken visually or 
recorded graphically. 

The circuit of the corona-loss instru- 
mentation is shown schematically in 
Figure 1. Line current is passed directly 
through the current coil of the wattmeter 
and potential for the wattmeters is ob- 
tained from an extension of the main 
high-voltage winding, referred to as the 
metering winding, thus eliminating the 
use of current and potential transformers. 
The circuits at A and B provide auto- 
matic compensation for the variation in 
phase and magnitude between the ter- 
minal voltage of the metering winding 
and the actual voltage applied to the 
lines. The reactor at C adjusts the phase 
of the voltage-coil current so that it has 
the correct phase angle relative to the 
current-coil field. The circuit at D is 
used on the outside phases to compensate 
for the interchange of power caused by 
the flat configuration of the test lines, so 
that the wattmeter indications are actual 
corona loss, 

The corona-loss meters are read by a 
telescope from an elevated observation 
booth about 50 feet away. Remote con- 
trol of the instrumentation for changing 
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scales of the wattmeters and performing 
various other functions is obtained by 
sending coded light pulses to operate a 
“phototroller” (light-sensitive device), 
which in turn operates a supervisory re- 
lay control circuit. 

In addition to the corona-loss instru- 
mentation, graphic weather instruments— 
barometer, thermometer, rain gauge, and 
hygrometer—and a number of radio-in- 
fluence instruments? are provided. 


EQUIPMENT ADDED 


As the tests progressed, a number of 
special instruments were added to the test 
facilities. These instruments will be dis- 
cussed individually. 


Photographic Weather Recorder. This 
device is an automatic camera which 
takes a picture of visual weather every 20 
minutes. Two sample conductors to de- 
termine condensation of moisture on the 
test conductors, a piece of slate to show 
presence of light rain, sleet, and snow, 
which are not recorded by the rain gauge, 
a sample insulator, and a clock are 
mounted so that they are photographed in 
the foreground of the picture. These 
objects are illuminated by eight 500-watt 
photospot lamps, which provide illu- 
mination brighter than daylight, so that 


the same lens opening can be used both ~ 


day and night. In the background are 
two fog-indicating lamps located 1,000 
feet and 2,500 feet away, respectively. 

A timing relay is used to initiate the 
following sequence every 20 minutes: 
the lamps are turned on, a second relay is 
energized, which introduces a time delay 
of 1/2 second to insure that the lamps are 
at full brightness, the camera shutter then 
is tripped, the lights are turned off, and 
the first timing relay isreset. The camera 


Paper 51-80, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
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Figure 1. Schematic of corona-loss measuring 
circuit 


is a standard 16-millimeter movie camera 
which is equipped with a single-exposure 
release and a telephoto lens. 

Samples of the record obtained with 
this instrument are shown in Figure 2. 
This information has been extremely 
valuable in interpreting corona loss and 
radio-influence records, particularly with 
respect to light rains and fog. This rec- 
ord is supplemented by a station log of 
visual weather. 


Voltage Gradient Meter. A detailed 
description of this instrument is presented 
in a paper by R. L. Tremaine and R. C. 
Cheek.° Briefly, it is a generator-type 
gradient meter having a rotor which 
alternately shields and exposes a stator to 
the earth’s electric field. The change in 
the charge on the stator is a function of 
the voltage gradient at the surface of the 
earth. This instrument can be used 
either as a graphic meter or as an indi- 
cating meter and is protected suitably 
from weather for continuous recording. 
Graphic records of voltage gradient have 
been obtained since July 1949 and are 
correlated with records of corona loss and 
radio influence taken simultaneously. 


Insulator Loss Setup. The insulator 
loss measurement setup is shown in 
Figure 3. The cap of the second insulator 
from ground is connected to ground 
through the wattmeter. The insulated 
ground plane is arranged so that it can be 
grounded through the wattmeter or con- 
nected directly to ground. Insulator 
current flows to ground either through the 
distributed capacitance of the insulator 
string or over the surface leakage. Thus, 
substantially all of the insulator current 
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LIGHT RAIN 


CLEAR BRIGHT DAY 


WET SNOW (NIGHT) 
LAMPS OBSCURED 


(NIGHT) NO FOG 


goes to ground through the wattmeter 
when the ground plane is connected. 
The ground plane is used primarily for de- 
termining insulator loss under dry con- 
ditions. For measurements under bad 
weather conditions, better accuracy can 
be obtained by disconnecting the ground 
plane. Six-inch stovepipe has been 
placed over the bus to minimize the pos- 
A de- 
flection of 2 per cent on the most sensi- 


sibility of corona near the string. 


tive scale is 0.5 watt. 

The insulator loss setup normally is 
used to obtain graphic records of loss on a 
vertical string and then on a horizontal 
string alternately for periods of 20 minutes 
each. Provision also is made for making 
manual tests on either string. 

Provision for Heating One Conductor. 
A question présented in the application of 
the data obtained in this program to 


CLEAR NIGHT 


RAIN AND FOG (NIGHT) 


NO FOG 


ya a OS 


(NIGHT) 


Figure 2. Sample pictures from the photographic weather recorder for various weather conditions. 


Fog-indicating lamps are not visible in these reproductions™ 
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GROUND PLANE 


future transmission lines is the effect of 
conductor temperature. This question is 
important because the conductors on an 
operating line normally are above am- 
bient temperature and hence are not sub- 
ject to condensation, whereas conductors 
on the experimental test lines, which 
carry only a small current, are subject to 
condensation. Moisture condensed on the 
surface of a conductor can increase 
corona loss and radio influence. 

To answer this question, provision has 
been made to heat the 2.00-inch expanded 
aluminum cable  steel-reinforced con- 
ductor on the 800-foot line. As shown in 
Figure 4, power is supplied from the 
metering winding, and current is cir- 
culated down the steel core and back 
through the aluminum sheath. With 454 
kv applied to the lines, a current of 125 
amperes is circulated in the conductor, 
which, in a light breeze, will raise its tem- 
perature approximately 14 degrees Fahr- 
enheit above that of an unheated con- 
ductor. The heating transformer can be 
energized without interruption of the 
tests. 

Because of the extremely low im- 
pedance of the metering winding, oper- 
ation of the heating circuit does not 
affect the wattmeter indications appreci- 
ably. 


Verification of Accuracy of 
Instrumentation 


To appreciate the problem of obtain- 
ing accurate measurements of corona loss, 
it is necessary to understand the nature 
of corona itself and the special require- 
ments of corona instrumentation. This 
section covers measurement problems 
peculiar to corona-loss investigations, 
the early tests, and the final verification 
of the circuit accuracy. 
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Figure 3 (left). 
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WINDING 


Corona-Loss CHARACTERISTICS WHICH 
Make Loss MEASUREMENTS DIFFICULT 


During the early days of testing, large 
variations in wattmeter indications under 
seemingly identical conditions were ob- 
served. These variations existed be- 
tween recurrent readings on individual 
tests and between readings taken hours 
or days apart. At the onset, it was not 
possible to say whether these variations 
were caused by corona or by instability 
in the instrumentation. 


By systematic testing, a large part of 
this variability was proved to be a con- 
sequence of the so-called ‘‘short-time’’ 
aging of conductors, a characteristic of 
corona. At the time this program was 
commenced, the authors knew of no dis- 
cussions of this problem. (F. Cahen 
and R. Pelissier, in a paper published 
since the start of these tests, mention 
this characteristic). 


A typical test, made to show short- 
time aging, is shown in Figure 5. For 
some time prior to this test, the con- 
ductors had been energized at 370 kv, 
and immediately preceding the test 
they were de-energized for 24 hours. 
This phenomenon is most pronounced 
with increase in voltage as shown by 
Curves A and B, which give initial value 
of the corona loss and the loss after 20 
minutes, respectively. Curves C and D 
give the corresponding information when 
the voltage was reduced, after energiza- 
tion at maximum voltage. It will be 
noted that Curve D shows a tendency to 
be slightly higher than Curve C. 


Because of the short-time aging char- 
acteristic it was found necessary to pre- 
condition conductors for 15 or 20 min- 
utes at maximum voltage prior to test- 
ing and to take readings only on decreas- 
ing voltage. This procedure results in 
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Schematic of insulator-loss measuring circuit. 
V.C., voltage coil; R, ballast resistor 


Figure 4 (above). Schematic of conductor heating circuit 
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C.C., current coil, 


loss indications at maximum voltage 
which will be too high because it is not 
feasible to wait sufficient time for the loss — 
to stabilize. It also can be concluded — 
that at lower voltages the loss indicated 
in a normal voltage run will be somewhat ~ 
lower than would exist if the conductor 
; : * 
had been energized continuously at each 
particular voltage. Since all conductors — 
are tested with the same procedure the © 
relations are valid, although caution © 
should be exercised in using this type of — 
data to predict fair-weather corona loss — 
on operating lines. 
After the effect of short-time aging had — 
been minimized by preconditioning the — 
conductors, successive measurements on — 
the same conductor still varied con- 
siderably in fair weather, even after 
known corrections were made. Varia- 
tions as large as 10 to 1 under ostensibly 
the same weather conditions were some- — 
times observed. This variability later 
could be proved to be also a characteristic — 
of corona, caused chiefly by subtle — 
changes in surface conditions which pre- 
conditioning failed to reduce to a com- 
mon state. 
The next phenomenon to cause con- — 
siderable concern was the “long-time” — 
aging characteristic of corona which is 
generally recognized, but the fact that it 
varies over a wide range and with the 
type and material of the conductor is not 
generally appreciated. This effect made — 
the 1.65-inch HH conductor appear to 
have many times the loss of the 2.00- 
inch expanded aluminum cable steel- 
reinforced conductor and to be in corona 
at the lowest voltage initially available. 
This is contrary to the relative loss posi- 
tion of these conductors which would be 
expected from generally accepted formu- _ 
las. The accuracy of the early measure- 
ments therefore was doubted, but subse-— 
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quent analysis of the data showed that 
the measured loss was correct. 


IniTIAL Tests oF ACCURACY 


The variations discussed in the previ- 
ous section finally were shown to be 
characteristics of corona, and not caused 
by the instrumentation. However, the 
work done up to this time did not prove 
that correct loss values were being ob- 
tained. 

Circuits designed to measure corona 
loss must be able to operate at very much 
lower power factors than are encountered 
normally. To appreciate this problem 
one must reorient his thinking regarding 
the effect of minor factors which nor- 
mally can be disregarded. At low values 
of corona loss, the current leads the 
voltage by an angle very close to 90 de- 
grees. At 500 kv, a phase-angle error 
of one minute (0.000292 radians) will 
cause an error of about 1/2 kw per 3-phase 
mile. Thus, extreme care must be taken 
to insure that the exact phase relation be- 
tween current and voltage is known. On 
the other hand, a given percentage of 
error in magnitude of current or voltage 
can result only in the same percentage 
of error in the loss indication, hence it 
is relatively unimportant. 

Extensive laboratory tests had been 


made on the wattmeters alone and on 


the completed circuit prior to the tests. 
‘This work eliminated a number of sources 
of trouble; but tests at really low power 


strumentation 


factors can best be made in the field as 
the minimum practical laboratory power 
factor is about two per cent. 

Analysis of the early results indicated 
that the corona loss on the 2.00-inch ex- 
panded aluminum cable steel-reinforced 
conductor was essentially zero over the 
lower portion of voltage range. In this 
range, the wattmeter readings varied as 
the square of the applied voltage and, 
therefore, could not be corona loss. 


Figure 6. The top 16 units of high-voltage 
capacitor 
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CALCULATED KILOWATTS 


Readings which vary as the square of 
the applied voltage can only be caused 
either by insulator loss or by an error in 
the phase of the current in the potential 
coil of the wattmeter. The latter was 
more probable, so much effort was de- 
voted to finding the cause of this phase- 
angle error, which appeared to be of the 
order of 20 minutes. 

Practically all conceivable sources of 
error result in deviations which vary as 
the square of applied voltage. The 
problem of tracking down each suspected 
error involved devising a special test, 
modifying the circuit, then analyzing 
the results. Some 20 special tests were 
made to find errors in the instrumenta- 
tion. The results of most of these tests 
were negative, but a few warrant mention 
here to show that the more common 
causes of errors in corona-loss instrumen- 
tation have been checked. 


1. Mutual coupling between wattmeters 
was found to be negligible. 


2. Cathode-ray oscillograms proved that 
there were no harmonics in the voltage sup- 
plied to the test lines and to the metering 
circuit. 


3. There was no effect due to the voltage 
between the bus and the shielded metering 
leads inside the bus. 


4. Voltage-coil ballast resistors were re- 
placed with noninductive resistors. 


5. Test values of the leakage reactance of 
the metering winding were verified. 


6. The power transfer éitcuit (circuit D, 


499 


Ww £ 


~ 


\ 


MEASURED KILOWATTS 
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CALCULATED KILOWATTS 


Figure 1), which is in shunt with the current 
coils, was checked and shown not to intro- 
duce an error. 


The circuit which corrects for the im- 
pedance drop in the high-voltage winding 
(circuit B, Figure 1) was checked. A 
number of tests were nade in which only 
the short line was energized. Under this 
condition the current in the high-voltage 
winding is approximately six per cent of 
the 3-line value, hence only a very small 
phase shift is introduced. Substantially 
the same readings are obtained on the 
short line whether the long lines are con- 
nected or not, indicating that the proper 
correction is being made. 

A few minor errors were found. These 
were: 


1. The drop in the ground lead to the watt- 
meters caused by line charging current 
introduced a voltage of 70.15 volts into the 
voltage-coil circuit, which was sufficient to 
cause a phase-angle error of 1.5 minutes. 
It was corrected by grounding the voltage- 
coil circuit separately. 


2. The capacitance across certain contacts 
when they were open was in parallel with the 
voltage-coil ballast resistors. The circuit 
was changed to eliminate the effect of this 
capacity. 


3. The voltage-coil leads from the ground 
end of the resistors to the wattmeters were 
shielded. 


Direct MEASUREMENT OF PHASE-ANGLE 
ERROR 


The minor corrections to the measur- 
ing circuit described in the preceding 
paragraph reduced the phase-angle error 
only slightly. To determine its magni- 
tude with the desired precision a direct 
method of testing was used. For this 
purpose a known load was connected to 
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Figure 8 (left). 

Effect of adding 

reactance to the 

yoltage-coil cir- 
cuit 
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Figure 9 (right). 
Schematic of 
special test per- 
formed to deter- 
mine angle be- 


tween current— RESISTOR Ry SECONDARY COIL OF M 
i 2504 
5 and _ vyoltage-coil gone ee 
currents for zero : 
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the wattmeters, consisting of a high- 
voltage single-phase capacitor in series 
with an adjustable ohmic resistance. 
The capacitance of 0.0024 microfarads 
about equaled the line-to-ground capaci- 
tance of a long-line conductor. Figure 6 
shows the upper half of the high-voltage 
capacitor, which was shielded by several 
large rings to prevent the formation of 
corona. 

By taking wattmeter readings with 
several values of resistance in series with 
the capacitor, an error in calibration of 
the wattmeter could be distinguished 
from a phase-angle error. The watt- 
meters had been calibrated at unity 
power factor’ before they were installed 
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at the test site, but it was considered 
desirable to prove that the calibrations 
were independent of power factor. The 
resistors in series with the capacitor were 
operated considerably in excess of their 
capacity and were known to introduce 
certain errors. in q 

The results of a typical test are shown 
in Figure 7. Curves A, B, and C are the 
readings actually obtained with two, one, 
and zero resistors connected in series 
with the capacitor. Lines 1 to 7 are 
common voltage lines, that is, all points” 
on each line were obtained at the same 
voltage. These lines are parallel to the 
45-degree line, showing that regardless of 
the actual reading, the error was constant | 
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Since the kilovolt ampere 
rating was constant for each voltage, re- 
gardless of the resistance in the circuit, 
this fact shows that the calibration of the 
wattmeters was correct, and that a con- 
stant phase-angle error was present. 
The magnitude of the phase-angle error 


in magnitude. 


thus determined was 0.0053 radian 
(18.2 minutes). 

An inductance of 21.1 millihenrys was 
inserted in the potential circuit, causing 
the voltage-coil current to lag its previous 
position by 0.0053 radian, and a check 
showed that the measured values were 
equal to the calculated values as shown 
in Figure 8. 

A special test was made to detect errors 
caused by this inductance if harmonics 
were present in the metering circuit. The 
current coils of two wattmeters were con- 
nected in series and an inductance of 257 
millihenrys was inserted in the voltage- 
coil circuit of one of them. The indica- 
tions of the latter wattmeter were cor- 
rected for the phase shift caused by the 
inductance, on a 60-cycle basis. After 
this was done the, readings of both meters 
essentially agreed, showing that adding 
inductance in the voltage-coil circuit had 
not made the circuit sensitive to har- 
monics. 

At this time, since the phase-angle 
error had been shown to be constant and 
a means for correcting it had been ob- 
tained, it was not considered desirable 
to make further tests to determine the 
cause, Later a very sensitive test was 
made on the wattmeters to determine the 
phase angle between current and voltage- 
coil currents which gave zero torque. 
This test, which was made using the cir- 

cuit shown in Figure 9, showed an error 
of about 14 minutes in the wattmeters. 
Mutual coupling between the current 
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Figure 11 (left). Sketch 
for theoretical considera- 
tion of resistance coupling 


Figure 12 (right). ‘‘Resist- 
ance” coupling test 


Curve A. Wattmeter read- 
ing on conductor in corona 
Curve B. Wattmeter read- 
ing on corona-free con- 
ductor 
Curve C. Anticipated 
wattmeter reading on cor- 
ona-free conductor based 
on the equation presented 
in text 


WATTMETER INDICATION IN KILOWATTS PER MILE 


and voltage coils had been suspected 
previously as a possible source of error, 
but attempts to measure it had not been 
successful. The phase-angle error is a 
result of eddy currents in the magnetic 
shields around the individual wattmeters. 
Since three wattmeters are operated in a 
very limited space and adjacent to each 
other, it was necessary to design a very 
compact instrument and to use heavy 
shielding. 


USING THE TEst LINES AS A ZERO POWER 
FActToR REFERENCE 


In the original design of the metering 
circuit it was) thought that if a small 
phase-angle error were present, it could 
be detected by using the test lines as a 
standard of zero power factor. This 
procedure would have been followed if 
the error had not been so large. The 
direct measurement of a phase-angle 
error within a few minutes of the error, 
which had been deduced from previous 
observations, confirmed the original hy- 
pothesis that the line itself, below corona 
voltages, was the best available standard 
of zero power factor. It was most de- 
sirable to use the line for this purpose be- 
cause capacitors have a high power 
factor compared to the range in which 


LINE -TO-GROUND VOLTAGE IN KV 


low corona-loss measurements are made. 
This assumption implies that insulator 
loss is zero. Other measurements® showed 
that fair-weather insulator loss can be 
neglected. 


EFFECT OF TRANSFORMER TAPS 


As the technique of analyzing the data 
was improved, inconsistencies became ap- 
parent when plotting data to greatly en- 
larged scales as used in Figure 10. The 
variations are small, the maximum devi- 
ation being +0.000352 radians (+1.2 
minutes) or +80 watts per phase per 
mile at 357 kv. 

These variations were found to be a 
function of low-voltage tap position and 
to a lesser extent of high-voltage tap posi- 
tion (+0.000054 radians or +12 watts 
per mile at 357 kv). They are caused 
by changes in eddy and stray losses 
when the taps are changed. As the taps 
are changed, the distribution of the leak- 
age fluxes changes, which in turn changes 
the losses. This is manifested to the 
metering circuit as a change in the re- 
sistance of the high-voltage winding. 
The error thus introduced is a function of 
the reactive component of the line cur- 
rent. 

In order to determine the magnitude 


Naef, Tremaine, Jones—Corona Loss Measurement 501 


of these errors, as distinguished from a 
residual, that is, not fully compensated, 
constant phase-angle error, careful 50- 
point, single-phase voltage runs (25 
points wye connection and 25 points delta 
connection on the primary) were made. 
The wattmeter indications from one of 
these tests are plotted in Figure 10, 
Curve A. They can be expressed by the 
following equation: 


Dre I 
Py =A + BEI t+ Pit Pe (1) 


where 


P,=wattmeter indication in kilowatts per 
mile on tap combination 

P,=corona loss in kilowatts per mile on tap 
combination ” 

P;=power interchange in kilowatts per 
mile on tap combination 

JT, =charging current of the conductor 

L=length of the conductor in miles 

D7, =total charging current in high-voltage 
winding (sum of charging currents of 
all energized conductors) 

A =constant, independent of position of tap 
combination and current 

B,=constant for tap combination , inde- 
pendent of current 


AT,?/Listhe correction for residual con- 
stant phase-angle error. B,(2J,)J,/L 
is the correction for the variable 
shift caused by the effect of the trans- 
former taps. /P; is zero for single-phase 
tests and P, is zero below the corona 
starting voltage. From 50-point voltage 
runs with various numbers of lines ener- 
gized, and knowing the charging currents, 
the constant B, has been determined 
for all tap combinations. With the aid 
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of B, the required corrections could be 
calculated for all test setups. When 
these corrections are applied, the data 
give extremely smooth curves, as shown 
in Figure 10. 


EFFECT OF RESISTANCE COUPLING 


If two conductors of markedly dif- 
ferent corona-loss characteristics are 
energized at a voltage such that one con- 
ductor is in profuse corona and the other 
is corona-free, it is theoretically possible 
to obtain a loss indication on the con- 
ductor which is not in corona. The 
polarity and magnitude of this indication 
depend on the phase and magnitude of 
the voltage applied to the second con- 
ductor. 

An exact calculation is not feasible in 
view of the nonlinearity of the circuit. 
However, the magnitude of this effect 
can be estimated knowing the dimensions 
of the setup and assuming that corona 
loss can be represented by a constant re- 
sistance during a cycle. The circuit 
shown in Figure 11 then can be used. 
E, is the voltage applied to the smaller 
conductor, number 1, and F, is the volt- 
age applied to the larger conductor, 
number 2. The spacings are very large 
in comparison with the diameters. R 
is a resistance representing the corona 
loss and is connected in series with the 
corona cylinder whose voltage is given 
by £, = E, — Riy. (The authors do not 
wish to imply that the average capaci- 
tance to ground of a conductor over one 
cycle is increased by moderate amounts 
of corona, or that corona forms a smooth 
cylinder of ionized gas.) It should be 
noted that the voltage on the surface of 
the corona cylinder is not in phase with 
the applied voltage. For the single- 
phase case the readings on the wattmeter 
connected to conductor 2 is 


W.=-W—-— (2) 


where 


W,, W2=readings on wattmeters of conduc- 
tors 1 and 2, respectively 


E,, E,=applied voltages 


hoy! 
Ao. =2 log. — 
re 


Ny’ 
Ay.=2 log, ae 


12 


The actual loss on conductor 1 is the 
algebraic sum of the two wattmeter 
readings. 

To measure this effect experimentally 
a test was made in which single-phase 
voltages were applied to the 1.4-inch 
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HH and the 2.00-inch expanded alu- 
minum cable steel-reinforced conductors 
on the 800-foot line. The voltage on the 
2.00-inch expanded aluminum cable 
steel-reinforced conductor was kept con- 
stant at 152 kv, while the voltage on the 
1.4-inch HH conductor was raised to 290 
kv. Surprising agreement between the 
results expected from equation 2 and the 
actual effect was found, as shown” in 
Figure 12. 

This effect does not cause difficulty 
except when the 800-foot line is operated 
three phase. It has been found necessary 
to disregard or to correct data taken on 
the 2.00-inch expanded aluminum cable 
steel-reinforced conductor under this 
condition. 


Technique of Corona Loss Analysis 


The measurement techniques and data 
reduction methods which have been de- 
veloped in the course of this investiga- 
tion are discussed in this section. The 
tests fall into two classifications, manual 
data—information obtained from indi- 
cating instruments, generally voltage 
runs, and recorded data—information 
obtained from the records of graphic in- 
struments, voltage generally held con- 
stant for long periods. 


Repucrion OF ManuaLt Data TO 
OBTAIN CoroNA Loss 


Most data of this type were obtained 
by varying the voltage through the 
range of 265 to 532 kv. At each voltage 
point, voltage, charging current, and 
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wattmeter indications are read. 

The ammeters measure line current 
directly. As explained later, current 
readings provide a means of converting 
corona-loss information taken on any 
line configuration to a common base. 
Because the voltage varies with the 
number of conductors connected and be- 
tween single- and 3-phase tests, it was 
found convenient to reduce all currents 
to nameplate voltage for comparison 
purposes. To minimize the influence of 
calibration errors, current ratios obtained 
on the same instrument are used wherever 
possible. 

Square Law Method. If the square 
root of the readings of a wattmeter con- 
nected to a constant impedance load are 
plotted against applied voltage, a straight 
line through zero will be obtained 
Similarly, if a wattmeter having a 
residual phase-angle error is connected to 
a zero power factor load a straight line 
will be obtained. With increasing volt- 
age the presence of corona loss is indicated 
by an increasingly rapid decrease in the 
shunt resistance of the conductor. This 
is the basis for the method used to de- 
termine corona loss in the presence of a 
phase-angle error and power interchange. 
For convenience in plotting, semiquad- 
ratic paper, similar to semilogarithmic 
paper, has been printed in which the 
ordinate is a square-root scale. Figure 
10 is an example. Curve B shows the 
wattmeter indications corrected for trans- 
former tap variations as explained previ- 
ously. Through its lower straight por- 
tion line C is drawn, which follows a 
square function. 

The presence of a straight line on semi- 
quadratic paper does not in itself con- 
clusively prove the absence of corona 
loss, since it is not inconceivable that 


corona could present a constant re- 


sistance for a voltage change of 50 or even 
100 kv. Visual and aural tests, together 
with radio-influence tests, have shown 
that on certain fair-weather tests, voltages 


as high as 400 kv can be applied without 


; 


the occurrence of corona. Line C, 
Figure 10, therefore does not indicate 


corona loss, but represents the phase- 
_ angle error which was present during this 


- 


test. 

Insulator loss could upset the previous 
discussion in so far as insulators do not 
present a constant resistance with voltage. 
Independent measurement® of insulator 
loss indicates that under fair-weather 
conditions it is less than one or two watts 
per string, hence the deviation of this loss 
from a square function is below the read- 
ing accuracy of the corona-loss meters. 

It is possible to select a value for the 
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reactor at C, Figure 1, such that the 
indications on the wattmeters would be 
actual corona loss, and it then would not 
be necessary to use the square-law 
method of analysis. However, the 
studies are made under a large variety of 
circuit conditions ranging from one con- 
ductor single phase to all three lines 
three phase. The power interchange 
between conductors and lines varies with 
different circuit connections. To take 
care of this situation it has been found 
desirable to set the reactor at C to such a 
value that the wattmeter indications 
always will be positive under any test 
setup. 


REDUCTION OF RECORDED Data To 
OxsTAIN Corona Loss 


All nine conductors of the 500-kv test 
lines are equipped with recording watt- 
meters. Charts are replaced at intervals 
of approximately one month and in- 
spected once every week. As a rule all 
three test lines are energized three phase. 
The voltage is changed periodically. 


Determination of Wattmeter Zero. ‘The 
deflection for zero loss on the charts is 
established by noting the minimum de- 
flection during periods of fair weather, 
when the corona loss is known from volt- 
age runs. The apparent losses caused 
by the residual phase shift, the trans- 
former-tap variations, and any uncom- 
pensated amount of power interchange 
are thereby eliminated because they are 
constant as long as the voltage remains 
constant. 


Accuracy of the Readings. The indi- 
cating and recording wattmeters have a 
common measuring element. However, 
the same degree of accuracy cannot be 
expected from the recording meters, nor 
is it required. Apart from the lower 
sensitivity of graphic meters, when they 
are set on a scale of sufficient range to 
record storm loss, the determination of 
the zero loss| line is subject to certain 
errors, except) in case of the larger con- 
ductors at voltages below 400 kv, when 
fair-weather corona loss is zero. At 
higher voltages the fair-weather loss is 
never absolutely constant, even under 
apparently constant atmospheric con- 
ditions. Air-density factor and voltage 
are subject to small variations. These 
variations are recorded and it is possible 
to correct for them; however, the ad- 
vantage gained would not be commen- 
surate with the effort spent. For volt- 
ages above 400 kv an average loss value 
from voltage runs in fair weather is 
therefore assigned to the minimum watt- 
meter deflection. While the error caused 
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thereby might be not inconsiderable in 
the measured fair-weather loss, it is 
negligible in precipitation and compara- 
tively small in the all-weather loss. 


Method for Analyzing Graphic Charts. 
The graphic records of corona loss are 
analyzed by determining the time dur- 
ing which the loss exceeds certain values. 
These values are selected to cover the 
range of loss expected. The day is split 
into four 6-hour periods so that the varia- 
tion of loss with time of day can be de- 
termined. The data obtained during 
periods of precipitation, as evidenced by 
the records of the graphic rain gauge, 
are separated. Then the data can be 
plotted as a distribution curve showing 
the loss in such weather categories as 
“Apparent Fair Weather,” ‘Precipita- 
tion,” and “All-Weather.’”’ An illustra- 
tion of this type of data is shown in 
Figure 13. 

The average loss during given periods 
can be obtained from such curves as 
shown in Figure 13, but is computed 
with greater accuracy from the calcu- 
lated kilowatt hours and the number of 
hours. Correlating these records with 
the records of the rain gauge during the 
same periods, the relation between aver- 
age corona loss and average rate of pre- 
cipitation can be obtained. Peak losses 
also are recorded. From the analysis of 
short periods of substantially constant 
rainfall, curves giving corona loss versus 
rate of rainfall can be plotted. Since all 
these data are available from operation 
at different voltage levels, the results can 
be replotted as a function of voltage. 

The 3-phase losses on lines 1 and 2 are 
the sum of the losses on the individual 
phases. Losses measured on the 
dividual conductors of line 3 are converted 
into 3-phase values. 

In order to distinguish between ‘“Ap- 
parent Fair Weather” and ‘Precipita- 
tion’”’ losses, the term ‘‘Hours of Pre- 
cipitation” must be defined, It has been 
decided to designate as “‘Hours of Pre- 
cipitation” the periods of increased losses 
caused by the precipitation of rain as 
registered by the rain gauge. This 
definition makes it possible to establish 
a relation between the losses and precipi- 
tation that can be applied to future lines 
on the basis of rain data obtained from 
the United States Weather Bureau. 

The number of hours of precipitation is 
always greater than the number of hours 
registered by the rain gauge because the 
losses continue when the rain ceases 
until the conductor is dry again. Losses 
due to fog, smog, snow flurries, or driz- 
zling rains, which leave no trace on the 
rain gauge, are of necessity classified as 


in- 
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“Apparent Fair-Weather”’ losses and 
are, of course, included in the “‘All- 
Weather” loss. The term ‘Apparent 
Fair Weather” is used to distinguish it 
from the term ‘‘Fair Weather,’’ which is 
applied to voltage runs, and to indicate 
that some of the data are obtained during 
periods which ordinarily would not be 
considered fair weather. 


PLOTTING OF CORONA-LOSS CURVES 


Semilogarithmic paper is of value where 
a wide range of loss must be shown upon 
a single sheet and where it is desired to 
lend greater emphasis to the low values. 
The wide range of wattmeter scales 
justifies the expansion of the lower values. 
The use of rectangular co-ordinates and 
equal scales is indicated whenever it is 
desired to convey quickly and readily an 
impression of the relative magnitude of 
the data. The sharp upward bend in the 
corona-loss curves, which is accentuated 
on rectangular co-ordinates, facilitates 
the choice of conductors for a particular 
operating voltage. 

Corona loss is plotted against voltage, 
charging current, surface gradient, rate 
of precipitation, and time (depending 
upon the information desired). Plotting 
the loss against charging current or sur- 
face gradient reduces the work necessary 
in applying this data to any specific con- 
figuration. Plots of loss against rate of 
precipitation have been used in an at- 
tempt to establish the relationship be- 
tween rain and corona loss. 


Conversion of Corona Loss for Line 
Configuration and Atmospheric 
Conditions 


At the 500-kv Test Project, conductors 
are tested both single- and 3-phase, on 
lines of different lengths and configura- 
tions, and subjected to variable atmos- 
pheric conditions. In order to compare 
the corona losses of the different con- 
ductors, all data are converted to unity 
air density and to a common configura- 
tion. This configuration is a 3-phase 
line, 32-foot flat spacing, 56-foot average 
height, 2 ground wires spaced 48 feet 
apart, and 25 feet above the conductors. 
The methods of conversion discussed 
here can be extended to any specific set 
of conditions. 


PRINCIPLE OF CONVERSION 


The corona loss of a conductor is identi- 
cal in different configurations if the sur- 
face gradient is the same and there is no 
change in atmospheric conditions. The 
gradient necessary to produce the proper 
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amount of ionization for maintaining a 
particular value of corona loss is a func- 
tion of temperature and barometric pres- 
sure, There is some disagreement in the 
literature as to what correction should 
be made to corona-loss data. In this 
investigation the corrections for devia- 
tions from unity air density are made by 
dividing the nominal surface gradient by 
the air density factor raised to the two- 
thirds power. ‘Nominal Gradient’ as 
defined here is the gradient that would 
exist at the surface if there were no 
corona present and the conductor were a 
perfect cylinder. 

The surface gradient of a smooth, 
round, bare conductor not in corona is a 
linear function of the charging current. 
Contamination on the surface, rough 
spots, deposits of moisture, and the like, 
locally increase the surface gradient. In 
the literature certain factors have been 
proposed to correct for some of these in- 
fluences. 

For constant values of corona loss the 
following equation can be written: 


Nominal Surface Gradient 


5/3 
Charging Current 
=k a SC ONG (S3) 
63m 

where 

17.95 § ; 
\———— _  —alndensity factor 

459+ T 


b =barometric pressure in inches of mercury 


T=temperature of the conductor in degrees 
Fahrenheit 


m =surface factor 
2=constant 


It follows that, if the corona loss of a 
conductor is plotted versus charging cur- 
rent corrected for air density, the values 
of fair-weather loss from different tests 
all should lie on the same curve, regardless 
of the line configurations in which the 
conductor was tested, and the tempera- 
tures and barometric pressures prevailing 
during the tests. This supposes, of 
course, that the surface factor is constant 
and no other variables are present. 

This method of plotting is useful for 
determining the dispersion between 
corona-loss curves from different tests. 
Voltage scales can be added for specific 
single-phase configurations and for 3- 
phase operation with conductors sym- 
metrically spaced and removed from 
ground. For 3-phase transmission lines 
with flat configuration, only approximate 
voltage scales can be indicated because 


the three conductors carry unequal charg- 
ing currents. 
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If corona-loss curves are plotted Versus , 
operating voltage in the conventional — 
way, a change in line configuration, air — 
density factor, or surface conditions pro- 
duces a change in the voltage at which the 
same loss occurs. This is expressed by 
the equation: 


Tf 6\'/2 me 
zaBt(*) = (4) 


my re 


which is derived from equation 3. 
and £, are the voltages corresponding to — 
the original and new conditions, re- 
spectively, (62)/(6:) and mm2/m, are the 
ratios of the air density and surface 
factors, and [;/J» is the ratio of the charg- 
ing currents at a constant voltage. This 
conversion, if made for every point of the 
corona-loss curve, results in a horizontal — 
shift accompanied by a slight change in — 
slope. The shift EZ, — E, can be ex- 
pressed conveniently in per cent of the 
original voltage , and is the summation of 
the configurational shift, the atmos- 
pheric shift, and the shift for surface 
conditions. 


SHIFTS FOR SURFACE CONDITIONS 


Published values of surface factors 
cover general design, roughness, and 
contamination, but not the effect of rain, 
snow, or condensation. When compar- 
ing corona-loss curves obtained on the 
same or on different conductors no use 
of these factors has been made, 


Effect of Precipitation. The voltage 
shifts caused by precipitation far exceed 
those required for configuration and air- 
density factor, but no factors for con- 
verting fair-weather data into foul- 
weather data have been established yet. 
It appears that no constant percentage 
could be applied to every point of a 
corona-loss ‘curve. Some information 
on corona loss versus rate of rainfall is 
available from field and laboratory tests. 
It is hoped that eventually some corre- 
lation can be established which takes 
into account both intensity and the size 
of the raindrops. 

The comparison of foul-weather corona- 
loss curves obtained on different con- 
ductors is extremely difficult, because 
the character and intensity of precipita- 
tion varies over a wide range. The 
existence of three test lines with at least 
six different conductors tested simul- 
taneously under what can be assumed 
to be the same meteorological conditions 
mitigates this difficulty. The data ob- 
tained on the individual conductors have 
been converted to unity air density and 
one standard configuration by applying 
the method outlined in this paper. 


ATEE TRANSACTIONS 


ATMOSPHERIC SHIFTS 


Temperature and Barometric Pressure. 
These quantities are combined in the 
formula of the air-density factor. The in- 
fluence of this factor on corona loss is 
given by equation 4, which is applied to 
both fair- and foul-weather corona-loss 
curves. If conversion is made to unity 
air density and no change in line con- 
figuration and surface conditions occurs, 
equation 4 assumes the simplified form 


Ey =E,/8'/* (5) 


The temperature to be inserted into 
the formula of the air-density factor 
should be that of the area in which corona 
occurs. 

No facilities exist at the test site for 
measuring the temperature of the con- 
ductors continuously, and ambient tem- 
perature therefore is used for all conver- 
sions. The variations caused by other 
weather effects greatly exceed that 
caused by any error in air-density cor- 
rection, so that it is relatively unim- 
portant whether conductor or ambient 
temperature is used. 


Humidity. The relative humidity of 
the air is recorded continuously. Its 
influence on corona loss, so long as no 
moisture condenses on a conductor, has 
not been determined yet, but it seems to 
be very small. No correction for humid- 
ity is applied to fair-weather data. 

If the moisture content of the air causes 
condensation on the conductor, its effect 
is similar to that produced by precipita- 
tion, that is, the losses increase sharply. 


Atmospheric Voltage Gradient. No cor- 
rection has been made because no correla- 
tion is apparent from field data so far 
obtained. 


Precipitation. Its effect is a change in 
surface conditions and is considered 
elsewhere. 


CONFIGURATIONAL SHIFTS 


The surface gradient for a given voltage 
on a test conductor is determined by the 
dimensions of the test setup and the 
charges on the other conductors. Con- 
figurational shifts are applied to correct 

_ for changes in these factors with various 
test setups. From tests, the ratios of 
the current with each test configuration 
to the current with the standard con- 
figuration were determined, and these 
values are applied as configurational 
shifts. Some typical values might be of 
interest here. 
Under single-phase conditions, the 
charging current on the middle phase is 


—_ 


_inereased 3.15 per cent by the addition of 
b 
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ground wires. If, in addition, the two 
outer conductors are grounded, the total 
inerease is 6.1 per cent. Under 3-phase 
conditions, ground wires cause almost no 
change in the charging currents. For 3- 
phase operation, the middle conductor 
takes 118.6 per cent and the outer con- 
ductors 112.5 per cent of the single-phase 
charging current with the same line-to- 
neutral voltage. 

A considerable amount, of capacitive 
coupling exists between phase C of the 
short line and phase C of the adjacent 
longer line, the average distance between 
conductors being 74 feet. The effect on 
the shorter line is a 6 per cent decrease in 
charging current. The longer line is pro- 
portionately less affected. Smaller coup- 
ling effects exist between more distant 
conductors. 


Single-Phase to 3-Phase Conversion. 
The basis for conversion from single- 
phase to 3-phase corona loss is indicated 
in the preceding section. In Figure 14 
is shown a conversion from single-phase 
data taken with a particular test con- 
figuration, I, to 3-phase loss in the stand- 
ard configuration, II. The measured 
charging current is 96.3 per cent of the 
single-phase value (reduced below 100 
per cent by capacity coupling between 
phases C, lines 2 and 3). The charging 
currents for 3-phase operation are 112.5 
and 118.6 per cent for the outside and 
middle phases, respectively. 

Hence, for the same voltages the charg- 
ing currents for the 3-phase configuration 
are 116.9 and 123.1 per cent of the test 
values. For this conversion 3-phase loss 
at any voltage is the sum of twice the 
test loss at 116.9 per cent plus the test 
loss at 123.1 per cent of the given voltage. 
Curve 3, Figure 14, was obtained from 
curve 1 in this manner. Generally it is 
sufficiently accurate to use the mean 
voltage shift (120.0 per cent in this case) 
for this conversion. In practice this can 
be done by multiplying the test loss by 
three and plotting it at a voltage reduced 
by the mean ratio of charging currents 
(—16.6 per cent in this case, curve 4). 

For a comparison between converted 
and measured 3-phase losses on the 2.00- 
inch aluminum cable steel-reinforced 
conductor, the loss points from a 3-phase 
test in the standard configuration are 
indicated. The agreement is very satis- 
factory. 


Conclusions 


The adequacy of the method adopted 
for measuring corona loss has been con- 
firmed. Every effort has been made to 
obtain accurate data and to account for 


Naef, Tremaine, Jones—Corona Loss Measurement 


all possible causes of the variations in 
corona loss. 

The photographic weather recorder has 
been of great aid in explaining the in- 
creases in corona loss as recorded by 
graphic instruments which were not ex- 
plained by standard weather instruments. 

Artificially heating one test conductor 
has made possible the study of the effect 
of conductor temperatures. 

The authors believe that the techniques 
and the instrumentation used at the test 
project provide one of the most accurate 
means which has been used in the meas- 
urement of corona. Data are obtained 
rapidly and with a high degree of ac- 
curacy in all weather conditions, and are 
reduced to a form applicable in the de- 
sign of future extra-high-voltage lines. 
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Discussion 


J. R. Robert (Electricité de France, Paris, 
France): The precision in measurement of 
very slight losses at the Tidd 500-kv station 
is superior to that obtained on the French 
Chevilly 500-kv experimental line. How- 
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ever for the complete range of measure- 
ments, the accuracy of results in the two 
stations seems comparable. 


The systematic tests at Chevilly, have 
shown the necessity of a supplementary 
correction to be brought to the nominal 
gradient when comparing single and 3- 
phase losses. This correction, in fact, is 
small (of the order of 2 per cent), and Figure 
14 of the paper is not on a sufficiently ex- 
tended scale to show it off. The formula 
which is based on equality of nominal 
gradients supposes the corona phenomenon 
to be purely superficial. But the space 
charges, whose motions create the chief 
part of losses, have a non-negligible value 
at points at a distance of more than a foot 
from the conductors. They then may un- 
dergo an appreciable distortion because of 
the presence of the other phases. The cal- 
culation of this distortion and measurements 
shows that this influence is equivalent to 
an increase of about 2 per cent of the 
nominal gradient in the Chevilly line. 
This influence may be more important if, as 
on the Tidd experimental line, phases are 
set closer together. It therefore seems nec- 
essary to take this correction into account 
when comparing the losses of two lines in 
which phase spacings are distinctly dif- 
ferent, as well as for the change-over from 
single-phase to 3-phase tests. 


Joseph S. Carroll (Stanford University, 
Stanford, Calif.): The authors of this paper 
are to be complimented on their thorough- 
ness and clarity in the presentation of the 
material in the paper. The frankness in the 
discussion of the errors found in the meas- 
urement of corona loss and details given of 
the methods of correcting these errors give 
a feeling of confidence in the final values of 
corona loss obtained. The errors seem to 
fall into two general classes: (1) those of the 
metering circuit, including the phase angle 
of the wattmeter instrument, the phase 
angle of the metering winding of the trans- 
former, and troubles caused by power ex- 
change in the two outer phases of the 3- 
phase circuit; (2) errors introduced because 
more than one circuit is energized at a time, 
in which there is a certain amount of power 
exchange between phases of the various 
circuits. The latter errors would be present 
even though the metering circuit itself were 
perfect. 


Of all the errors, the most serious one 
seems to be the one introduced by the phase 
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angle of the wattmeter instrument. It is 
my opinion that it should be possible by 
further refinements of design to reduce this 
error to a negligible quantity. This might 
be helpful for future corona-loss studies. 

The null method used in this metering 
setup not only reduces to a minimum the 
effect of the mutual inductance of the two 
wattmeter coils, but makes possible the use 
of the indispensable graphic meter for con- 
tinuous operation. 

It is fortunate that all the errors of any 
importance, except those introduced by 
changing transformer taps, which can be 
evaluated, produce a wattmeter reading that 
is proportional to the square of the line 
voltage and that the part of the wattmeter 
reading caused by corona loss does not have 
this same relation to voltage. This makes it 
possible to obtain valuable corona-loss data 
under conditions where corona loss cannot 
be measured directly with a high degree of 
accuracy. 

The most important external variable 
affecting corona loss is the weather. The 
weather-recording instruments described 
in this paper make possible some sort of 
correlation between the weather and corona 
loss. This is a valuable contribution. 


O. Naef, R. L. Tremaine, and A. R. Jones: 
The authors agree with Dr. Carroll that the 
phase-angle error in the wattmeters could 
be reduced. This would require either more 
distance to the surrounding magnetic shields, 
which for space limitations was unde- 
sirable, or compensating the effect of the 
eddy currents induced in the shields, which 
would make the meters unfit for use in a 
different kind of mounting. 

The space limitations in the instrumenta- 
tion cabinet made it necessary to place the 
three wattmeters side by side, physically 
almost in contact. It also was necessary to 
design the wattmeters for minimum physical 
size. Because of the high sensitivity of 
these instruments, heavy shielding was re- 
quired. These facts combined to make it 
extremely difficult to eliminate completely 
any residual phase-angle error, It should be 
remembered that this error is so small that 
it was necessary to devise a special technique 
in order to measure it. Thus, although it 
was comparatively large when compared to 
the phase angles present in corona-loss 
measurements, it still was a very small 
angle, being on the order of 15 minutes. 

The most important consideration regard- 
ing any error present in any corona-loss in- 
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strumentation is whether or not it remains 
constant. Since the error was proved to be 
absolutely constant, it could be corrected 

with a minimum of complications by insert- 

ing an external reactance in the voltage coil 
circuit. 

Mr. Robert refers to the effect of the 
space charge surrounding the conductor, 
which modifies the nominal surface gradient — 
after corona has started. Both the nominal — 
gradient and the effect of the space charge 
vary with the type of the configuration 
used in the test. However, whereas the 
gradient can be determined accurately by 
measuring the charging currents or by cal- 
culation, the effect of the space charge must_ 
be computed from a comparison of loss” 
measurements. Of necessity, these measure-— 
ments can only be made on different conduc- 
tors or at different times, and changes in 
losses caused by these variable conditions 
require the averaging of a great many tests. 

Mr. Robert states that the effect of the 
space charges on the single-phase-3—phase 
conversion of losses is about 2 per cent. 
Figure 2 of the companion paper on corona- 
loss results! shows that the normal disper-_ 
sion of corona-loss data plotted versus 
nominal gradients is in excess of 2 per cent 
for stranded conductors tested under seem- 
ingly identical conditions. The curves in 
this figure are from tests taken under 
different configurations, but if they are 
segregated into groups no distinction be- 
tween single-phase and 3-phase results is 
apparent. This point is discussed in further 
detail in the closing discussion of the com- 
panion paper on corona loss. 

If any effect caused by space charges 
exists, it is certainly very small in compari- 
son to that resulting from the application of 
the nominal gradient law, which for normal 
single-phase-3-phase conversions is of the or- 
der of 16 per cent. Considering the large 
number of different configurations, both 
single-phase and 3-phase, used at the test 
site, it would have been utterly impractical to 
attempt to determine these small effects with 
any degree of accuracy. It is firmly be- 
lieved that neglecting them in no way im- 
pairs the accuracy of the corona-loss meas- 
urements or the single-phase-3-phase con- 
version. 
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The Input-Output System of the EDVAC 


R. L. SNYDER, JR. 
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SHIFT-REGISTER TYPE of 
reader-recorder which appears to be 
sufficiently versatile so that every known 
type of input-output equipment and 
auxiliary memory can be conveniently 
adapted to serve with it has been de- 
veloped. In many cases such mecha- 
nisms, if fully exploited, can be made to 
work at such high speeds that electronic 
computing systems can operate with rela- 
tively slight delay. In this particular 
system it is anticipated that in addition 
to a photoelectric tape reader now oper- 
ating, several other large-volume de- 
vices will be added, notably a new type of 
high-speed printer which can print faster 
than binary information can be con- 
verted to binary coded decimal numbers 
by the computer, a magnetic drum which 
can store very large quantities of informa- 
tion and still provide relatively short ac- 
cess time, and card handling equipment 
which manipulates information at me- 
dium speeds but in very convenient ways. 
The shift-register reader-recorder de- 
scribed here has replaced the original 
magnetized-wire input-output system of 
the EDVAC (Appendix I gives some per- 
tinent details concerning the EDVAC). 
The system uses the shift-register to 
act as the link between the computer, a 
synchronous machine, and the several 
asynchronous mechanisms which provide 
input data, record results, or act as ex- 


ternal memory. Each of the auxiliary de- 


vices has been designed to maximize the 
performance of some specialized function. 
The shift-register is intended to serve 
these independent auxiliary devices and, 
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in fact, has been so arranged that it can 
accommodate equipment which may be- 
come available in the future without re- 
quiring modification of the logic used in 
designing existing equipment. 

The specifications for the reader-re- 
corder required not only that it work with 
the internal system of the EDVAC (see 
Appendix I), but that it be capable of ac- 
cepting information from perforated tapes 
punched cards, magnetic drums, and 
similar equipment, and that it be capable 
of producing information in the form that 
could be utilized by tape perforators, 
printers, card punches, magnetic drums, 
and similar devices. 

The EDVAC proper is a synchronous 
device. Few, if any, of the input and 
output devices are synchronous in their 
operation, and none of them operates at 
the same speed as the EDVAC. Further- 
more, aS mentioned previously, all the 
information in the EDVAC is handled in 
a serial fashion in which the sign and the 
least significant digits of numbers pre- 
cede the more significant digits, whereas 
most of the input and output information 
is presented in parallel or with the most 
significant digits at the beginning. 


Input Tape | 


As an example of the type of input in- 
formation to be handled, the illustration 
shown in Figure 1 represents a section of 
teletype tape with the four possible types 
of characters which can be presented by 
the keyboard and which must be ac- 
cepted and transposed by the reader-re- 
corder before transfer to the memory 
system. There are five digit positions 
across the tape which may be perforated 
or not to represent 1 or 0 to designate one 
of four types of characters. (For con- 
venience, the order of arrangement of the 
digits is shown to progress from left to 
right, which is not the case in actual prac- 
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tice.) Near the top of the strip is a row 
of five information-carrying holes, to- 
gether with a sprocket hole, to show all of 
the possible positions. Further down is 
shown a binary coded decimal character. 
The presence of a hole in the first position 
indicates this type of character. The next 
character presents an octanary number, 
that is, one in which the character can 
have any value from zero to seven and 
can be coded with three binary digits. 
This character is identified by no per- 
foration in the first position and a hole in 
the second position, with the three re- 
maining positions occupied by ones or 
zeros. A binary character is designated 
by no perforations in the first three posi- 
tions, with a hole in the fourth position 
followed by a one or a zero. Finally, the 
end-of-word character is represented by 
no holes in the first four positions and a 
perforation in the fifth position. In all 
words, this character must be placed after 
44 binary digits have been presented. 
The 44 binary digits may have been de- 
rived from any combination of the other 
three types of characters. 

This is probably the most complex of 
the input-output media, and it is dis- 
cussed here to demonstrate the versatility 
required of the reader-recorder. 


Reader-Recorder 


Figure 2 is a simplified block diagram 
of the reader-recorder. In this drawing, 
the arrows on the solid lines show the 
paths of information, whereas the broken 
lines indicate control lines. The principal 
element of this device is a shift-register,* 
which consists of 45 flip-flops, or electric 
toggles, each of which is capable of re- 
taining binary information. These ele- 
ments are so arranged that the informa- 
tion contained in one can be shifted to its 
right-hand neighbor in one microsecond. 
The output of the forty-fifth position is 
connected through a gate to the input of 
the first position. It thus is possible to 
store a 44-digit word in the register in a 
stationary condition or to move the word 


* A similar device is used in the computing machine 
concurrently developed by the National Bureau of 
Standards. 
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Figure 1. Teletype tape perforated to show 
permissible types of characters 


through the register any number of steps 
at a speed which is synchronous with the 
rest of the EDVAC system. There is an 
extra space in this register. It is pro- 
vided to accommodate a marker for keep- 
ing track of the progress of asynchro- 
nously inserted information. A large 
coincidence gate indicates when the first 
44 positions are cleared. 

The operation of this device in con- 
junction with the tape-reading or tape- 
punching equipment and the EDVAC 
memory may be described as follows: 
When the dispatcher receives any order, 
the order is automatically read into the 
shift-register one minor cycle after its 
entrance into the dispatcher. This word 
remains in the register until it is displaced 
by a new order. When the dispatcher 
receives a word having the order type in- 
dicating read-in or read-out, the word 
stored in the shift-register is moved out 
and the fourth address is picked off, re- 
turned to the dispatcher, and added to 
one to provide the fourth address neces- 
sary for selecting the order following the 
read or write operation. In this par- 
ticular instance, the order in the dis- 
patcher does not enter the register; in- 
stead, in the case of the read order, the 
register is cleared and a one signal is 
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placed artificially in position 44 of the 
register. Following this, a character is 
scanned from the tape by the tape reader 
and is made available to the input of the 
fourth position of the register. If the 
character happens to be a binary coded 
decimal, the shifter is started and the 
first digit enters position four, the marker 
which had been in position 44 is advanced 
to 45; in the next shift (one microsecond 
later) the marker moves to position one 
and the second character is read into 
position four; another shift brings the 
marker to position two when the third 
character enters four; when the marker 
moves to position three, the fourth char- 
acter is moved into position four. The 
register then is shifted until the first digit 
of the character arrives at position 44. 
It is noted that the marker now is in 
position 40: the system then waits until 
the next character is presented. Should 
the next character be a binary, the register 
will be shifted three spaces with no read- 
in, and then the single digit of the binary 
character will read into position four, just 
~ ahead of the preceding character. Follow- 
ing the transfer, the shift will continue 
until the binary character is in position 
44. This operation will be repeated until 
44 binary digits will have been accu- 
mulated in the register and the marker 
brought to rest in position 45. At this 
time, the tape reader should emit an end- 
of-word character whose coincidence with 
the marker in position 45 will cause the 
register to shift the word into the EDVAC 
memory. It is to be noted that between 
all shifting operations but the last, posi- 
tion 45 remains vacant. Should any ir- 
regularity develop in this arrangement, 
an error signal will be generated and the 
EDVAC will halt. 

A somewhat similar procedure is in- 
volved in punching the output tape. In 
this operation the results of the computa- 
tions are converted from the binary 
numbers used in the computer to binary 
coded decimal numbers and are stored in 
the memory to be read into the shift- 
register. 

The shift-register is cleared, the cir- 


Figure 2 (left). Reader-re- 
corder with perforated tape 
input-output system 


Figure 3 (right). Block dia- 
gram of EDVAC system 
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culation gate opened, and the number is 
read into position 44 with a marker im- 
pulse at the end. The most significant 
binary coded decimal character then oc- 
cupies positions 45, 1, 2, and 3, which are 
connected to the appropriate punch ele- 
ments. The operating impulse then trips 
the punch mechanism. After the punch 
is actuated, the four register positions- 
concerned are cleared, and the register 
then is shifted 41 steps so that the next 
most significant character occupies posi- 
tions 45, 1,2, and 3. After this operation 
has occurred 11 times, the first 44 posi- 
tions are clear, and the marker is in posi- 
tion 45. This condition caases the punch 
to record an end-of-word character. 

The least significant binary coded dec- 
imal character is used only to provide 
the sign of the number. The end-of-word 
character actuates the carriage return on 
the automatic typewriter. ! 

If the tape is to be used for long-term 
storage of information for reuse in the 
EDVAC, conversion of the information 
to binary coded decimal characters is not 
necessary. Such a tape will have all of 
the characteristics of an input tape, in- 
cluding the end-of-word character, so that 
no special provisions need be made. 


Appendix | 


The EDVAC System 


In order to describe the logic employed in 
the design of the input-output equipment of 
the EDVAC, it is necessary to discuss the 
arrangement of the system as a whole. 
Figure 3 is a simplified diagram of the ar- 
rangement of the major elements of the 
EDVAC as they now exist and one element, 
the auxiliary memory, which is to be added. 
In this diagram, connections shown by solid 
lines carry information; those shown by 
broken lines act as controls. 

The dispatcher controls all of the other 
units of the calculator during automatic 
operation. At the start of a problem, the 
operator initiates the program from the 
manual control] by causing the dispatcher to 
order the reader-recorder to take informa- 
tion in the form of 44 binary digit words, 
which may be either numbers or orders, 
from the input apparatus and place it in the 
memory. The dispatcher then withdraws 
orders from the memory and causes their 
execution in the computer, the extract sys- 
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a 10-digit binary number. 


NUMBER 


[z|z%| most siowiricant Least siewiricanr|2“*7[2°*3] PSIG] 


NORMAL ORDER 


Words used in 
EDVAC 


Figure 4. 


10 DIGITS-Az | 10 DIGITS-A,| 4 DIGITS 
RESULT NEXT ORDER |ORDER TYPE 


10 DIGITS- A, ]10 DIGITS-Ap 
FIRST ARGU! 2NO ARGUMENT 


EXTRACT ORDER 
10 DIGITS-A; 


10 DIGITS 10 DIGITS Ag] 10 DIGITS Az | 4 DIGITS 
EXTRACTED FROM| SUB- ORDER EXTRACTED INTO} NEXT ORDER |ORDER TYPE] 


ORDER FOR TRANSFER BETWEEN INTERNAL AND EXTERNAL MEMORY 
i 
10 DIGITS-A, -STARTHO DIGITS-Ap-START|IO DIGITS-A3-STOP| 10 DIGITS-Az | 4 DIGITS 


RNAL MEMORY{ RAL MEMORY |INTERNAL MEMOR 


CONTINUED 


ORDER TYPE 


20 DIGITS- A, 16 DIGITS-NUMBER | 4 DIGITS 


COMBINED MEMORIES | OF WORDS 


tem in the dispatcher itself, and in the 
reader-recorder and the input and output 
devices. The memory has capacity to store 
simultaneously 1,024 words, each in a posi- 
tion which can be specifically designated by 
Such a number 
may be part of a word and is called an ad- 
dress. It can be decoded by the dispatcher 
and used to designate a memory position 
into which a word may be placed or from 
which one may be withdrawn. The com- 
puter consists of two identical arithmetic 
organs, one checking the operation of the 
other. The results of computations may be 
stored in the memory or sent through the 
reader-recorder to either the output mecha- 
nism or the auxiliary magnetic-drum-type 
memory. 

An idea of the modus operandi of the sys- 
tem can best be had from Figure 4, which 
shows the various types of words used in 
manipulating the information which must 
be handled during computation. All of the 


_ words consist of 44 binary (that is, two- 
valued) digits. 


These words traverse the 
various channels in the EDVAC serially, 


that is, the digits following one another at 
one microsecond 
_ however, 


intervals. Each word, 
is allocated a 48-microsecond 
interval called a minor cycle, in which a 4- 
microsecond period at the end of the in- 


_ formation is provided to allow time for 


_ ORDER FOR OPERATING TAPE READERS, PRINTERS, CARD PUNCHES, ETC.. 


SUB- ORDER 


4 DIGITS 
ORDER TYPE 


Any word may be interpreted 


switching. 
by the dispatcher as a number or an order. 
At the top of Figure 4 is shown a number 


word. It consists of 43 binary digits 
representing numerical information and a 
forty-fourth sign digit. The sign and less 
significant digits precede the most signifi- 
cant digit whose greatest absolute value is, 
for convenience, usually considered to be 
Bree 

The next line shows the normal order. 
This consists of four addresses identified by 
A,, Ao, Az, and A, and an order type. The 
order type has four binary digits, which can 
be arranged in 16 combinations. This ele- 
ment of the word is decoded by the dis- 
patcher for the purpose of directing the 
machine to execute a desired operation, for 
example, add, subtract, multiply, and di- 
vide. Each of the addresses is made up of 
ten digits, from which 1,024 combinations 
can be formed, and these are used to select 
words from the memory to be used in the 
operation indicated by the order type. The 
first two addresses, when decoded in the dis- 
patcher, select from the memory the two 
arguments of the computation to be per- 
formed; the third address provides the dis- 
patcher with the information concerning the 
destination in the memory of the result of the 
computation. The fourth address enables 
the dispatcher to designate the next order 


to be taken from the memory when the 
operation is finished. 

The third word shown in Figure 4 is used 
when the order type calls for the operation 
termed “extract.’’ In this operation, cer- 
tain elements of one word may be inserted in 
various ways into another word. The first 
address designates the word from which in- 
formation is to be extracted; and the second 
address designates the word into which the 
information is to be inserted. The digits, 
which in the normal order would be the sec- 
ond address, form a suborder which desig- 
nates what digits are to be removed from the 
first word and where they are to be placed 
in the second word. Both words retain 
their original positions in the memory. The 
third address defines the position of the next 
order. 

The fourth word in Figure 4 is used to 
transfer information between the rather 
limited high-speed internal memory and the 
very extensive low-speed external memory. 
The first address indicates the location in the 
internal memoty where the transfer is to 
start, the second address consisting of 20 
digits split into two 10-digit groups defines 
the starting point in the external memory 
and the third address shows where in the in- 
ternal memory the transfer is to cease. The 
order type indicates the operation. In this 
type of word, there is no space for a fourth 
address. For this reason, the next order is 
selected by adding one to the fourth address 
of the order which preceded the transfer 
order. (At the time of writing, the mag- 
netic-drum memory is yet to be installed.) 

The fifth word shown in Figure 4 is used to 
operate the input-output equipment. It 
consists of an order type designating the 
operation input-output, a 20-digit address 
for selecting the starting point in the com- 
bined memories, a 16-digit binary number 
designating the number of words to be 
transferred, and a 4-digit suborder which 
directs the machine to operate the input and 
output apparatus of various types as, for 
example, tape readers, tape punches, print- 
ers, card readers, and card punches. This 
order also has no fourth address and must 
depend on the preceding order for the in- 
formation designating the next order. 
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- A Method of Gating for Parallel 


Computers 


A. G. RATZ 
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Synopsis: A method of gating between two 
flip-flop circuits is described. The circuit 
uses two diodes and is particularly suited to 
parallel computers. The theory of the 
gating action and the necessary design in- 
formation are given. 


N MODERN electronic digital com- 

puters, information is stored in elec- 
tronic devices called registers. The in- 
formation may be coded instructions for 
the machine or true arithmetic numbers. 
From time to time the action of the 
machine requires that the information be 
transferred from one register to another 
and the apparatus which sets the second 
register in accord with the first is called a 
gate. 

Registers usually are compounded out 
of the circuit known as the Eccles-Jordan 
trigger circuit or, as it is almost invari- 
ably called, the flip-flop. This device has 
two stable states and is used because it is 
simple, can be made very reliable, and 
can change its state very rapidly. The 
registers are made up of banks of flip- 
flops, each recording by its state a seg- 
ment of the information stored in the reg- 
ister. 

In parallel computers, information is 
transferred simultaneously along parallel 
routes. To set one register according to 
another therefore requires that each flip- 
flop of the slave be set according to the 
state of the corresponding flip-flop of the 
master. The process is illustrated in 
Figure 1. 
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The Flip-Flop Circuit 


The basic flip-flop circuit is shown in 
Figure 2. It is essentially a 2-stage d-c 
amplifier coupled back on itself. To 
understand its properties, suppose that 
T, is conducting and that 7) is not. This 
will cause the points a and 6 to be lower in 
potential than the corresponding points 
candd. If7, Ri, and R: are chosen prop- 
erly, the potential of } will be sufficiently 
negative to cut off 7, and at the same 
time the potential of d will be sufficiently 
positive to allow 7; to conduct. Hence, 
the circuit is stable with 7; conducting, 
and by symmetry it also is stable if T> is 
conducting and 7; is not. The circuit 
therefore has two stable states and re- 
mains in either state indefinitely unless 
compelled by some external force to 
change. 


Gating 


In parallel digital computers, registers 
may consist of 40 or more flip-flops. The 
total equipment required to set one reg- 
ister to another is that required to set one 
flip-flop to its mate times the number 
of flip-flops per register. Unless the 
gating circuits between individual flip- 
flops are made very simple, the over-all 
gating apparatus is likely to become ex- 
tremely bulky. Any unnecessary ap- 
paratus not only increases the cost but 
adds to the probability of failure in the 
machine. For the greatest reliability it 
is essential that the gating device be sen- 
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sitive only to the magnitude of voltage | 
changes and quite independent of wave 
shapes. For this reason capacitor coup- 
ling cannot be used. 
This paper proposes a new method of | 
gating, particularly suitable for parallel | 
machines. It uses what is probably the 
smallest possible amount of gating equip-_ 
ment, namely, two diodes per flip-flop 
plus one tube per register to provide the 
voltage pulse. é 


The Gate and Its Operation 


Figure 3 shows the gating circuit. The 
two registers are the master, (1), and the 
slave, (2), consisting of an equal number 
of identical flip-flops, designated A, B, 
C.... The gate between the flip-flops is 
formed by the diodes D, and D2, connect- 
ing the plates of the master flip-flop to the 
grids of the slave. ,and E; represent the 
plate supply voltages of the master and 
slave registers, respectively. 

Except when transfer is desired, the 
two supply voltages are equal and the 
flip-flops are isolated, since they are 
identical and both plate voltages are 
positive with respect to both grid poten- 
tials. The cathodes of both diodes are 
therefore positive with respect to their 
plates and neither conducts. To under- 
stand the gating operation, consider a par- 
ticular situation in which the tubes 7; 
and 7; are conducting. It is desired to 
change the state of the slave flip-flop to 
agree with the master, that is, T3; is to 
conduct and T, is to be cut off. Note 
that the point a, is lower in potential 
than c, and that the point d: is lower in 
potential than b,. Let E; decrease. When 
the plate potential (a:) of tube 7; falls be- 
low the grid potential (b2) of tube T4, the 
diode D, conducts, lowering the grid po- 
tential of T, accordingly. This decreases 
the plate current of Ty, thereby increasing 


Figure 1. Gating in a parallel computer 
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Figure 2. The basic flip-flop circuit 


the grid potential (d,) and decreasing the 
cathode potential of 73. If these are 
sufficient to cause 7; to conduct while the 
diode Dz still is not conducting (a matter 
of design), the slave flip-flop changes its 
state and agrees with the master. 

If, on the other hand, 73 had been the 
conducting tube from the first, neither 
diode would have conducted, because of 
the proper choice of the voltage levels, 
and hence no change would have taken 
place. Further, if EH, be reduced so far 
that both diodes conduct, then the slave 
flip-flop will be reversed as F, falls. As 
Fy rises again, the diode D, will cease to 


conduct before the diode D, if 


R Re-tp 


Se o(r-r, =F) ()) 


a condition easily realized in design. 
Hence, if this condition is satisfied, there 
is no tendency whatever for the slave to 
reset during the rise of /. 

In this way, each flip-flop in the slave 


register is made to agree with its corre- 


sponding master flip-flop. A very simple 
device depresses /;, and this serves to 
transfer the entire register. The more 
flip-flops there are in the registers, the 
more important this simplicity of control 


__ becomes and the greater the advantage of 


the new method in the saving of gating 


_ components. 


Figure 3. The diode gate 
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In the circuit of Figure 2, the cathodes 
are at ground potential, whereas cathode 
resistors R;, are shown in Figure 3. These 
are necessary to make the flip-flops stable 
under wide fluctuations in supply volt- 
age. In general, a flip-flop with a 
grounded cathode is stable over only a 
small range of supply voltages. 

By reconnecting the diodes, the roles of 
master and slave are interchanged, and 
by using two pairs of diodes, the opera- 
tion becomes bilateral, either register 
can be read into the other. Furthermore, 
it is possible to couple A; to A, and A» to 
By, or, indeed, to any other flip-flop in 
register number 1. In this way, informa- 
tion may be shifted a predetermined 
number of steps, either right or left. This 
arrangement makes, therefore, a fast, 
simple shifting mechanism. 


Analysis of the Circuit 


For stability reasons, the design of the 
circuit is such that the grid voltage of the 
conducting tube is positive with respect 
to the cathode, but is restrained by grid 
current to a value which is approximately 
zero. The tube resistance can, therefore, 
be represented quite accurately by the 
reciprocal of the slope of the plate char- 
acteristic for zero grid voltage. In Figure 
4, the equivalent resistance of the tube 
is 


tp = Ae/ At 


By substituting a resistor, rp, for the 
tube, a linear resistance network is ob- 
tained in which all currents and voltage 
drops are proportional to the applied 
voltage and the circuit behavior may be 
analyzed, 

In Figure 5 are plotted the potentials 
at the points a, b, c, d for any pair of flip- 
flops in Figure 3 as the applied voltage is 
varied. In this diagram, the curves are 
interchangeable, as indicated, depending 
upon which tubes are conducting. 
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Suppose again that 7\ and 7, are con- 
ducting, then the potentials of c, a, b» 
d, are as indicated. When £; is de- 
creased to £;’, c, has moved to ¢,’ and a, 
to a;’, where it is at the same potential as 
be, which has not changed since #2 has not 
changed. As &, decreases further, how- 
ever, the diode D; conducts and a, de- 
creases along a new line, a,’ a;", because of 
support from #2. If the diode impedance 
is negligible in comparison with the net- 
work resistors, the potential of the point 
bp is essentially the same as that of a; for 
FE less than £;’. Since the whole object 
is to depress the potential of be, it is unde- 
sirable for too much support to come from 
FE», hence the impedance of the slave net- 
work as seen from }, should be very much 
greater than that of the master network 
as seen from @. Denoting the ratio of 
these two impedances by », which should 
be not less than 5, then, as is shown in 
Appendix IV, 


R_(2n—1/2) (2) 
ro 4 r 
tot Rx 


where rp is the tube resistance, and r and 
R, are shown in Figure 3. 

The maximum value of the impedance 
of the slave as seen from b, would be ob- 
tained if b2 (and dy, d, d2) were at the mid- 
point of the (y+2R) resistor group. The 
maximum is broad, however, and since 
2R should be 10 or 20 times r the dif- 
ference is quite negligible. The grid re- 
sistor has therefore been assumed evenly 
divided, though there may be some ad- 
vantages in moving the grids a little 
closer to the plates. For one thing, the 
magnitude of the switching pulse would 
be reduced. The analysis of such a cir- 
cuit would not be essentially different 
from that given here. 

The potential of the common point 
(a1, b2) will, therefore, follow a curve such 
as a’, ai", which can be computed ac- 
curately by an application of Thévenin’s 


Figure 4. Tube characteristic 


theorem, treating a; and b, as sources with 
internal resistances 7 and 1, respec- 
tively. 

As the potential of b. falls, the cathode 
of T, must fall with it, and this requires 
that the current through 7, and R, de- 
crease. Hence, the potential of d2 rises 
and at some stage, before a;” is reached, 
the rising grid potential and the falling 
cathode potential of 73; will cause this 
tube to conduct. This raises the cathode 
potential of 7, and depresses its grid 
potential still more, thus resulting in a 
quick reversal of the slave flip-flop. The 
potentials involved in this course of 
events are readily computed. 


Transition Time 


While an exact analysis is difficult be- 
cause of the presence of nonlinear ele- 
ments, it is possible to discuss with fair 
approximation the transition of the slave 
flip-flop from one state to the other when 
a negative pulse is applied to Ay. 

If £; is made to fall rapidly, the poten- 
tials of the various circuit points will not 
follow the curves of Figure 5 because of 
the unavoidable stray capacitances. 

The first important point is to find as- 
surance that the stray capacitances of the 
master flip-flops will not in some way 
cause a reversal when a fast pulse is ap- 
plied to &,. Fortunately, when triodes 
are used, the Miller effect creates a large 
effective capacitance from the grid to 
the cathode of the conducting tube, 
which assures that the tube will be kept 
in its conducting state by maintaining the 
grid potential during the pulse. 

As the potential of b falls, the cathode 
potential of 7, falls accordingly, but only 
as fast as the cathode-ground capaci- 
tance can discharge. The maximum rate 
of discharge is when both tubes 7; and 7, 
are cut off, since they can only increase 
the charge. The time constant is then 


Figure 6. The fall 
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where C;, is the cathode-ground stray 
capacitance. During pulsing, ; also will 
have a rate of fall and a time constant, 
Ty, associated with it, where 


and R is the equivalent resistance of all 
the master flip-flops in parallel and C is 
the total stray capacitance from the £, 
bus to ground. 

Experience shows that Ty, usually is 
several times T;,; this being the case, it is 
clear that the potential of the slave 
cathodes will follow the fall of b, very 
closely, the current through 7, being re- 
duced just enough to cause this to hap- 
pen. 

Figure 6 shows the application of the 
negative pulse to /;, with the rate of fall 
determined by Ty. By making the pulse 
greater than required and using a diode to 
limit the potential fall to the correct value 
as at B, for example, the time of fall is 
greatly reduced. 

Figure 7 shows the potential of the 
point bs, where it is assumed for simplicity 
that the transition occurs when the 
cathode and grid potentials of 73 are 
equal. (Actually, the transition starts 
as soon as 73 begins to conduct.) 

When the falling cathode potential and 
the rising grid potential, d), meet, or even 


Figure 5. Showing the potentials of various points during gating 
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a little before, the tube 73 conducts and 
the cathode potential then will follow the — 


rising potential of ds. 


rising cathode potential completes the 
cutoff of 7, very rapidly. The subse- 


quent rise in the potential of d, will be © 


very rapid, since stray capacitances only 
are involved. Since grid and cathode re- 


main at essentially the same potential, 


the grid-cathode capacitance does not 


have to be charged, hence only the © 


cathode-plate capacitance is involved. 


The points c, and d, rise in potential — 


according to a time constant 


1 
Tr = gf 


where C;, is the plate-to-cathode capaci- 


tance. 
With little trouble, it is possible to 
make J, as short as 0.25 microsecond 


The combined ef- — 
fect of the further depression of bz and the — 


win? 


(5) 


and, using miniature triodes, Tz about — 


0.04 microsecond. A 1-microsecond pulse — 
is more than sufficient, and at the end of © 


the pulse the slave register has reached 
equilibrium. There is no need to use 
cross-coupling capacitors from the grid 


of one tube of a flip-flop to the plate of — 


the other, as is the usual practice. In- 


deed, this would be disastrous, since it~ 


would provide support for 6. from Fp, 
which is exactly what is not wanted and 


could result in reversing master flip-flop. — 


Figure 7. Transition potentials 
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Figure 8. The series pulsing circuit 


Experimental Results 


An experimental register pair was con- 
structed and tested. The circuit param- 
eters were not the optimum but were 
deliberately chosen near the limits of 
possible values. The resistors were taken 
as purchased and had a 10 per cent toler- 
ance. The circuit values were: 


Plate resistors, y= 10k 

Grid resistors, R=47k 

Cathode resistors, R;,= 15k 
Supply voltages, £:, H;=150 volts 
Pulsed down to &;’=75 volts 
Pulse width =0.5X10~ seconds 
Tubes used =6J6, GAL5 


This register proved to be very re- 
liable. Another using better resistance 
parameters, greater supply voltages, and 
more flip-flops per register was built and 
tested; oscillograms illustrating its ac- 
tion are shown in Figure 11. 


Conclusions 


The circuit described in this paper 
meets all the basic requirements of a 
satisfactory gating device for parallel 
computers. It can be made reasonably 
fast (0.5 microsecond), the gating is by 
direct coupling, it is economical of com- 
ponents and requires only diodes, the 
most reliable type of tube. 

Experiment confirms the reliability ex- 
pected. 

The basic idea underlying this method 
can be given other applications. It has 
been used successfully in quite com- 
plicated circuits with great saving in 
equipment. 

It is possible in some cases to replace 
the 6AL5 tubes by germanium diodes 
which require no filament supply, are of 
low capacitance, and are small in size. 


Appendix |. Flip-Flop Design 
In the present application, the flip-flops 
must meet the following requirements: 


1. They must be stable over a wide range 
of applied voltage. 


2. They must be stable despite the in- 
fluence of the conducting diode, which in- 
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To Master Flip-Flops 


creases the plate potential of the conducting 
tube of the master flip-flop. 


3. The drop across the conducting tube 
inust be reasonably small to limit the mag- 
nitude of the gating pulse. 


4. The impedance looking in at the plate 
must be small compared with that looking 
in at the grid. This helps requirement 2 
above. 


5. The resistances must be small enough so 


that stray-capacitance time constants are 
satisfactorily short. 


To meet requirement 1, the cathode 
resistor R; is used. 

To meet requirement 2, the conducting 
tube is made to draw grid current so that 
when the point a; is raised in potential, the 
cathodes also are raised, thus cancelling the 
effect of the increase in the potential of 
b; on T>. 

To keep the grid positive when the diode 
conducts, the potential to which the grid 
would rise if there were no grid current must 
be higher than the greatest master cathode 
potential during the switching operation. 
This requires, as shown in Appendix VI, that 


Re. R(R+3r) 
typ R(R+8r)+4r? 


2R(R+r) r 
Bee ees | a» 


To meet requirement 3, all resistors are 
made greater than the tube resistance, 7p. 
With equal grid resistors, it is necessary 
that R,>rp to keep the nonconducting 
tube cut off. 

To meet requirement 5, the desired 
switching speed and the choice of tube have 
to be considered. Miniature tubes and 
careful wiring will keep stray capacitances 
to a minimum and will raise the acceptable 
resistance values. Large resistors give 
more reliable operation by making the ef- 
fect of the tube proportionally smaller. 

In designing a flip-flop, the type of tube 
must first be) chosen. In this application, 
triodes are ideal for the following reasons: 


1. A double triode gives one flip-flop per 
envelope. 


2. No screen voltages are required. 


3. The Miller effect in the master flip-flop 
assists in giving stability. 


For high speed, use triodes with a high 
transconductance (6/6, 2C51). 

A plate resistor, 7, of from one to three 
times the d-c plate resistance gives satis- 
factory results. It is small enough to as- 
sure that equations 1 and 2 are easily satis- 
fied without excessive values of R and large 
enough so that changes in the tube char- 
acteristics will have little effect on the cir- 
cuit. The value of XR should be at least five 
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Figure 9. The parallel pulsing circuit 


times that of r and preferably ten times it. 
Only the time constants Ty, and Tx limit 
its value. 

A value of Rx=1.5rp usually permits a 
satisfactory design. The value of R, must 
be larger than 77, but small enough so that 
equation 6 is satisfied. 


Appendix {l. The Pulsing Circuit 


The Series Pulsing Circuit 


The first type of pulsing circuit is illus- 
trated in Figure 8. It is capable of very 
high speed and high repetition rates, but 
requires a large tube, 7s, which has the 
entire master register as a cathode load. 
The tube 7; is cut off except during the 
pulse, when it lowers the potential of the 
grid of 7; and the cathode follows the grid. 
The diode, 7¢, limits the cathode fall to a 
predetermined value, £,’. 

The big disadvantage of the circuit is 
that the supply voltage must be increased 
by the normal drop across Ts, which has to 
be capable of passing the entire plate supply 
of the master register. 


The Parallel Pulsing Circuit 


The second type of pulsing circuit is 
illustrated in Figure 9. It eliminates the 
need for large power tubes and extra voltage 
supplies. The tube Tp is cut off except 
during the pulse. It is a beam power pen- 
tode and during gating only it must handle 
a substantial fraction of the total plate cur- 
rent to the master register so as to reduce 
the bus voltage to the required level. 
Since both the tube and the inductor are 
essentially constant current devices, the 
pentode robs the register of plate current 
and £, falls by IpR volts, where J,=the 
pentode current, and R=the equivalent 
resistance of the master register. By mak- 
ing the pentode current too great and limit- 
ing the fall of the bus voltage by the diode, 
T7, greater speed is obtained. 


Analysis of Parallel Pulsing 


Figure 10 shows an equivalent circuit, 
obtained by using the transient form of 
Norton’s theorem. In this J(t) is the short- 
circuit current from the (i, L) source, 


I(t) =1(0)+ Eit/L 


F I(t) 


An equivalent circuit for the 
parallel pulsing circuit 


Figure 10. 
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A. Gating pulses at the plate supply of the Master 
Each negative pulse is 150 volts in magnitude 


Register. 
and 2 microseconds in duration 


C. Waveforms at one grid of a slave flip-flop 
under the conditions for (B) 


where 
I(0) =the initial current 


R is the equivalent resistance of the whole 
master register and C is the entire capaci- 
tances to ground, including the stray capaci- 
tance of the inductor L. The pentode, P, 
demands a constant current J(p). Let e be 
the bus voltage during switching, then 


Ey Ht ! ey de, 
1+ Pts f adie +10) (7) 


The solution of this is, 


e, = E,— A(e™!— 2") (8) 


pao. a\er (9) 
2RC RCE EC 


£,—R [{1(0)—I 
4 BR WO)=10)) ah 


\ 4R2C 
1-— 
i 


The minimum value of ¢ occurs at 


where 


™,, M2>= 


and 


(11) 


and its value is computed easily from equa- 
tions 8, 9, and 10. In this application 
L/C>>4R?. 

eu = 
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(12) 


then the following approximations hold, 


m =—R/L, 

m= —1/RC, 
A=E,—R{I(0)—I(p)] 
t=2RC log (2y) 


(13) 


While it is easy to write a formula for the 
minimum value of ¢, the best method of 
computing is to use equations 8 and 11. 

With flip-flops of the type discussed 
herein, it is possible to gate a register of 
40 flip-flops with a single 64Q5 miniature 
pentode and a 5-henry inductance. Either 
an ordinary power supply choke coil may 
be used, or, if greater speed is required, a 
special coil with low capacitance across its 
terminals and to ground may be designed. 

From equations 18, it is apparent that FE; 
drops initially with a time constant RC. 
To reduce the time of fall 7(p) is made 
larger than necessary and £; is prevented 
from falling below some chosen limit, E,’, by 
means of a limiting diode (see Figures 6 
and 9). 


Appendix Ill. Recovery from 
Double-Diode Conduction 


When £; is depressed so severely that 
both diodes conduct, the slave flip-flop is 
set, if necessary, as A; is decreasing. It is 
very important that it shall not again be 
switched when £; is rising. This is assured 
if the diode D: ceases to conduct before the 
diode D,, assuming that T; and T; are the 
conducting tubes. 

Since we are concerned only with the 
instant of zero diode current we can let 
the diode currents be zero and examine the 
potentials. Diode current will change 
them, but will not reverse their relative 
sign. 

Using the symbols as on Figure 3, let Z 
be the impedance from a, to ground: 


2R(rp+Rx) 
_————— (14) 
2R+7p+Ry 
The grid potential of a conducting tube 


is taken to be equal to the cathode potential, 
hence, 
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Figure ae 


B. Plate voltage of a slave flip-flop under action of the 

pulses shown in (A). The master flip-flop is reversed by 

a separate mechanism between each gating pulse to give 
a repetitive trace 


Waveforms 
Ry Rx Z 
Ves — YY, = 15 
o" Rip * Ree Zee gy 
and 
R , 
Ver = Vat Ray (E,/— Va;) 
r R 
=—— Vat+— EE,’ (16 
Ri 
where £,’ is the reduced value of Ay. 
But 
Rx Ry Zz 
Va, =———_ = Ey’ 17 
1 Retry "Retry Z4r oy 
Therefore, 


R r Rees 
pre Tee , 
i: tes Rutty a ee 


The diode D2 will cease to conduct when 
Ve,= Vio, which is when 


Rx Z 
Retry Z-+r 
ae E 19 
ait tage _? ayn a 
R+r R+r Retry Z--r 
Again 
LP: 
(ie e— == 20 
bz D) a2 9 Faves ( ) 
and 
Z 
Ln are Ey’ (21) 


The diode D; will cease to conduct when 
Vai= V3, which is when 


Ey! == Ee (22) 


The diode D, will cease to conduct at a 
lower value of £;’, therefore, if 


Rx HL, 
Retro Z+r < (23) 
R ie ts Rx Z 2 
R+r R+r Retry Z+r 


It is only a matter of algebra to reduce this 
to equation 1. 
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Appendix IV. On the Relative 


| Internal Impedances 


The impedance of the slave flip-flop as 
| seen from be, 72, say, should be at least five 
| times that of the master flip-flop as seen 
from a. Call the latter 1. We need to 
__ know the ratio of R/r to assure this. 

We have 


\ 


et 

| for 2R Retry 

| et 
— = — a 
YT: RR? (24) 

| Suppose that r2=nr1, then 

D4 =(n-3 54 

I Rutty 2IR R (25) 


Letting R=1+7/(Re+rp) and x=R/r, we 
_ find that 


1 Pe i Vic ee. 
| ; an" —k 4 ere —A4Ank 
a) =a 
| 


! 2k 
(26) 


For fairly large values of n this reduces to 


2n——= 
R 
—- (2) 
lee 
Rit+?p 
Taking R/r=n is satisfactory for most 
design work. 


Appendix V. On the Recovery 
of the Slave After Switching 


Suppose that the tube 7; has just switched 
on (Figure 3). The points c, and d, are 
depressed in potential. Tube 7; would in- 
crease its current rapidly, but its cathode 
cannot rise much above the grid potential 
Va. We assume, as usual, that the 73 
cathode and grid are at the same potential. 

Let V.,=v for brevity. The rate of rise 

_ Of Ve is dv/2dt. This is also the rate of 
rise of the cathodes. Hence the rate of 
rise of the potential across the plate- 
cathode capacitance, which is effective in 
keeping c and d, depressed, is also dv/2dt. 
ra Therefore, where Cp; is the capacitance 
mentioned, 


y ibs 
tt n+) Cor =) 


2R 2 dt Cy 


‘) (28) 


- For large values of R/r the time constant is 


= 


: which has the solution 


q 2RE» oe Vamte 
4 = V,, = —— {| 1—-—- TCpk 2h 
4 v= Ve, QR (geht 


ml 
. Pia (5) 


‘ as noted in the text. The main point is its 
_ extremely small value. 
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Appendix VI. On Keeping the 
Master Grid Positive During 
Switching 


It was noted that to avoid any chance 
that the master flip-flop might be reversed 
during the gating operation, it is desirable 
that the grid of the conducting tube shall 
not become negative with respect to the 
cathode at any time. The critical instant 
is just as T; is about to conduct and J, to 
cease conducting. At this instant, the 
plate of 7, receives its maximum support 
from Ep» via the point bz. 

We assume, as an approximation, that 
T; starts to conduct when its grid and 
cathode reach the same potential. We 
first find the cathode potential. 

Let J, be the current through 7, at the 
instant preceding the switch-over, then 


1 
Vi, =E2—r (1+ kV) (29) 
whence 
—rI 
Votes a 
laek (30) 
2R 
and 
1 F.—rl 
Vaz —— 7 =Rlt (31) 
2| 1+— 
(+33) 
Therefore J, is found and hence 
RE: 
Vi ease ty PE hehe te 
2R ee ee) 
r+2Ry mae 


We further assume that the grid of 7, 
is at the cathode potential. (Actually, both 
grids are negative with respect to the 
cathodes and the errors in the two assump- 
tions tend to cancel.) Then we may write 


are RyEp 
a LOR, Ad = =) 
PESTON ae 
also 
totR 
a= (34) 
r+rotRr 


| 
At switch-over, these are equal if we neglect 
the diode resistance, and therefore 

| 


i 
2 _r4ar (1455) (rot Re) 
es Ry; r+rotRx : 


(35) 


Just before switch-over, two sources sup- 
port the point a. Their equivalent electro- 
motive forces and resistances are 


By =—* 
~ OR+r 
,_R(R+r) 
eon 8) 
jee 
% ~ 2R+1 a 
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z 2Rr 
~ 2R+r 


(37) 


lal 


Combined into a single equivalent source 
we have, 


2R(R+r)+2Rr X 
Yr 
rake (1425) ro +Re 

Ais Ry r+rptRr 

ae (QR+r\(R+3r) ey 
(38) 

,___ &R(R+r) 

"= GREN(R+37) ae 


The cathodes of the master flip-flop are 
therefore at the potential 


R,E’ _ 
r'+rp+ Re , 


2R(R+r)Re+2R%X 
rot Ry 


Fn ee oe phusaemglelRs 


(rp +Re(2R+r)(R+3r)+2rRAR+r) 
(40) 


The potential of the point d,, if it were not 
depressed by the grid current of 7), would be 


aes (41) 
ay gs oie 


To assure a positive 7; grid. we must have 


——— > 
2R-+-r 
2R(R+r)Re+2RrX 
rRr to +Rr 
(r42%+ 4) PAE ue -s 
(rp + Re 2R+r)(R+3r)+27R(R+r) 
which is better written as 
R+ 3r 2Rx y, 
R+r ~ to+Rx 
ORpb= R 
le te go mind oa 
R\R+r ort ty +R Rx 
i+ 2R(R+r)r 
(2R+r)(R+3r)(rp+ Rx) 
(43) 
Now 
+2R,+— R 
RE oe Poo 
R+r  r+rpt+Rr Rx 


varies little and has a value from 1.67 to 2. 
Using the maximum value gives a safe ap- 
proximation. 

Solving the resulting simplified equation, 
we atrive at equation 44, 
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Ry RUR+8r) 
fp RUR+3r)+47 


2R(R+r) r f 
1+-———_—. — | (44) 
(2R+1r)\( R+3r) tp 


A further approximation, which is good if 
R> 1, but not on the safe side, is: 


Ry<r+tp (45) 


The value of R; should, however, alyvays bi 
checked by equation 44. ; 


No Discussion 


-Systematization of Tube Surveillance 


in Large-Scale Computers 
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Synopsis: Operation of the ENIAC (elec- 
tronic numerical integrator and calculator), 
a high-speed electronic computing machine, 
at the Ballistic Research Laboratories of 
Aberdeen Proving Ground, has shown that 
90 per cent of the service interruptions are 
caused by vacuum-tube failures, At the 
beginning of 1950 a tube surveillance pro- 
gram was initiated in which all pertinent 
data concerning each tube in the system are 
recorded on punched ecards. This paper de- 
scribes the manner in which faulty vacuum 
tubes are detected and replaced, and gives 
the specifications used in testing the tubes 
and the manner in which the tube history is 
gathered, Preliminary results, using data 
collected during the first five months of 
1950, are given, 


HE ENIAC was 
most 


designed in the 
conservative possible manner 
known at the time. However, operating 
experience at the Computing Laboratory 
of the Ballistic Research 
has shown that a more thorough knowl- 
edge of the behavior of systems involving 
large numbers of vacuum tubes would 
have led to different design procedures, 

To correct certain unforeseen defeets in 
the ENIAC and to accumulate data for 
guiding the designing of new equipment 
and tube-testing procedures, a program 
of detailed tube surveillance was in- 
augurated at the beginning of 1950. 
Systematic records are kept by recording 
on punched ecards all the information re- 
lating to the service life of each tube. 
One card is used per tube. Items re- 
corded on the card are; the tube type, 
kind of use, hours of life, manufacturer, 
panel location, type of failure, previous 
service, preheating schedule, date, and 
test readings. This system permits great 
flexibility in processing the information 
by means of standard International 
Business Machines equipment, and by 
the ENIAC itself, .. 


Laboratories 


In general, certain unusual conditions 
are present in this program which should 
be noted before applying the results of 
this study to other operations. First, 
both the filament and the plate voltages 
are applied at all times and the system is 
in operation 144 hours per week. This 
procedure has been established because it 
provides the most economical utilization 
of the equipment. Second, all the tubes 
in a faulty circuit are replaced at once 
and those removed from the system are 
rechecked. Bad and marginal units are 
discarded, In other types of service 
wherein only failures are removed from 
service and marginal elements are not, 
longer service life would be achieved. 


Tube Replacement and Tests 


There are approximately 18,000 tubes 
in the ENIAC. They are divided ac- 
cording to types, as follows: 35 per cent 
are 6SN7’'s; 22 per cent, 6L6’s; 14.1 per 
cent, 6.S5A7’s; 8 per cent, 6SJ7's; 6.5 per 
cent, 6L7’s; 1.6 per cent, 6J5’s; 7 per 
cent, 6V6's; 1.6 per cent, 6Y6’s; 2.5 per 
cent, 6AC7’s; and 1.8 per cent, 807’s. 
Blanket changes in such a large number of 
tubes are impractical because the inci- 
dence of failures during the first 1,000 
hours of life greatly exceeds the failure 
rate that exists after this period. On the 
other hand, replacing one tube at a time 
is undesirable because isolation of a single 
faulty tube requires expensive time-con- 
suming tests. A compromise between 
these two extremes is most economical. 
When a malfunction is discovered, it is 
traced to a particular circuit. Then all 
the tubes in the circuit are replaced; 
there may be from one to eleven tubes in 
this group. This procedure eliminates 
bad combinations of marginals as well as 
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complete failures. Satisfactory elements 
also are removed, making it necessary 
test all removals. Good units are pla 
in storage, marginal and bad elements 
are discarded. 

Faulty circuits are detected by means 
of two types of control tests. Operational 
tests, utilizing a check problem, detect 
malfunctions by comparing the result toa 
known correct answer. These tests are 
used for two purposes: first, for mar- 
ginal checking, that is, the detection of 
weak tubes; second, as a guide to machine | 
condition during long periods of problem 
operation. Marginal checking is achieved 
by increasing the speed of machine opera-_ 
tions. This is accomplished easily in the _ 
ENIAC because of the synchronization 
of operations by a central pulse system. — 
A pulse rate of 125 kc is used for this type 
of checking. Operational tests, used as an 
indication of machine condition, consist 
of sample calculations of the problem 
being solved and are made periodically 
under normal operating conditions. Nor-_ 
mal operation involves the transfer of in-— 
formation pulses at rates ranging between 
60 and 100 ke per second. 

Oscilloscope tests are used to inspect — 
and measure pulses. Corrective action — 
is taken when these pulses do not con- 
form to the prescribed shape or ampli- — 
tude. The acceptance limits are set 
above the operational level necessary for 
correct circuit performance.  Oscillo- 
scope tests are more satisfactory than the 
operational tests for preventive main- 
tenance. However, they are difficult to 
devise so that machine time is conserved. 
All tests are run at least once a week or as 
the need is indicated by the operational 
tests. ; 

When oscilloscope tests are used 
for detection, defective tubes are re- 
moved sooner than with operational 
tests. | 


bP 
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Tube Standards 


The routine which has been established 
for handling tubes from the time they 
are received until they are discarded is 
shown in Figure 1. Voltage is applied to 
_ the filament of a new tube for a minimum 
of 50 hours. The tube is then tested and 
| may be rejected or passed. Good tubes 
_ are color-coded to designate the type of 
service in which they will serve and are 
| stored until used in the machine. 

_ When a tube is placed in service in the 
| computer the reading of an hour counter, 
__ incorporated in the equipment, is stamped 
| on the envelope. The tube stays in serv- 
_ ice until it is removed because of circuit 
' failure and placed in a panel collection 
box. The tube is then tested and either 
‘discarded or reclassified and sent to the 
reserve storage. There are three general 
classes of tests. They disclose the condi- 
tion of emission and cutoff and the pres- 
ence or absence of short circuits. 
| The emission tests measure the current 
flow to the plate and screen with the 
control grid or grids at cathode potential. 

The voltages and currents specified in the 

standards have been established by ex- 

perience and are shown in Table I. 

_ Tests to determine tube performance 
when grids are operated at certain pre- 
scribed potentials are performed, as fol- 
lows: \( 


1. Measure the plate current at cutoff 
voltage of the first grid, the third grid being 

4 at cathode potential. 

4 2. Measure the plate current at cutoff 
_ voltage of the third grid, the first grid being 
_ at cathode potential. 
_ 3. Measure the plate current with both the 
_ first and the third grids at cutoff voltage. 
4 


4. Measure the screen current at the cutoff 
voltage of the first grid. 


5. Measure the ion and leakage current of 
the first grid with it at cutoff voltage. 


6. Measure the ion and leakage current of 
the third grid with it at cutoff voltage. 


Table II shows the cutoff voltages and 
Maximum currents used. The plate and 
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Figure 1A (left). 


COMPUTER 


REJECTED 


Tube path to computer 


Figure 1B (above). Tube path from computer 


screen voltages for these tests are iden- 
tical with those used in the emission tests 
shown in Table I. 

The short-circuit tests measure the 
current flow with —100 volts between 
each element and all other elements con- 
nected together. The cathode-to-filament 
tests are made by impressing +100 volts 
between them. The permissible leakage 
current for the 6L6, 6SJ7, 6SA7, 6SN7, 
6AC7, and 6J5 is 17 microamperes. The 
test for the 6L6, 6V6, 6 Y6, and 807 is the 
same except for the heater cathode leak- 
age, where the maximum permissible cur- 
rent is 36 microamperes. 


Tube History 


After a tube has been discarded, its 
history is noted in a logbook,and is trans- 
ferred later to punched cards. The tube 
type, kind of service, manufacturer, type 
of failure, test readings, and date are re- 
corded. The color-coding system, men- 
tioned previously as designating the type 
of service, divides the tubes into seven 
classes, four being specific circuits and 
three being types of circuits. The color 
code and the panel position identify the 
exact circuit in which the tube functioned 
in 80 percent of the cases. The remaining 
20 per cent can be identified as having 
functioned under certain maximum and 
minimum conditions. Collection boxes, 
placed at the rear of each panel, keep the 
removals separated according to their 
panel position. 


The reading from the hour counter at 
the beginning of each week is stamped on 
the envelope of new tubes placed in serv- 
ice. At the end of each week, the collec- 
tion boxes are«emptied and the meter 
reading noted, thus establishing the serv- 
ice life of the tube. The greatest error 
in the number of hours of service life as- 
signed to a tube is 218, which occurs when 
the tube is placed in operation just after 
all the new tubes have been marked and 
then removed just before the tubes are 
gathered. Very seldom is the error this 
great, since a preventive testing pro- 
cedure is followed every Monday morning, 
making fewer tube failures occur during 
the early part of the week. 


Preliminary Results 


Some 5,000 tubes were removed and 
discarded from the ENIAC during the 
first five months of 1950. This is an 
average of 250 tubes per week, 70 per cent 
greater than the 1949 average. The in- 
crease is caused by an extensive overhaul 
of the machine that was conducted during 
this period and improved testing pro- 
cedures. The average service life for 
tubes discarded during the period is 
shown in Figure 2. 

The types 6Y6, 6J5, 6SN7, and 6SJ7 
had the highest average service life, rang- 
ing from 10,600 to 12,400 hours, while the 
6AC7 and the 6L6 ranged from 5,800 to 
6,600 hours. This average service life of 
the tubes should be weighted by the 


Table |. Standard Voltages and Currents Used To Determine Emission Characteristics 
Minimum Minimum 

Tube Plate, Screen, Plate, Screen, 
Type Volts Volts Milliampsres Milliamperes 
OMG. Sete LSD Ge ee ten Schenk AO OT Rare cos Se 1 A Fee a na 0.485 
GEG. <4 shee WO cidade one ets ic TOY ee Oe es eRe, Sn ae 1.0 
6VG6..2.4004,<5 oes DOO Reet coca a UStccemeONC + ix ace cuokys BBs Pe Soha 0.9 
7) Sy Re se Se E50 ue eeckre aes DMs osx ernies< 5c at owe arate 6.0 
GSAT cos kee LS re ateele Garsic's ppc ee eae GPa etare. ate S.c/aveets 7.5 
BSI s s0s/s nearer POOR rere casi A AT ee ee See oe en ie cs 1.25 
GACT. 2.) 0a UES Re. doe Bi we Meee wa OFF Mead cartels 0.05 
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following considerations: the kind of serv- 
ice, the type of test used to detect the 
faulty tube, and the degree of safety 
factor in the circuit where it is used. 

It is known that some circuits in the 
ENIAC will function satisfactorily even 
though their tubes have a reduction in 
plate current as great as 40 to 50 per cent 
of the test standards. These tubes will 
have a longer service life principally be- 
cause of the circuit design. Other cir- 
cuits, unfortunately, do not allow as great 
a reduction in the plate current and there- 
fore tubes are removed much sooner, 
making service life shorter. 

The 6/5 and 6SN7’s are used with a 
maximum plate potential of 150 volts. 
When the tube is used in the OFF condi- 
tion, the grid voltage is three times the 
cutoff voltage, but when used in the ON 
condition, the grid is sufficiently positive 
to draw some emission current. The 
average service life for the 6/5’s was 
11,900 hours and for the 6SN7’s was 
11,000 hours. The 6/5 is used only in the 
OFF position, but the 6SN7 is used in 
three different ways; both halves of the 
tube conducting, both halves nonconduct- 
ing, and one half conducting and the 
other half nonconducting. 

Eighty per cent of the 6SNV7 ring tubes 
rejected in the last five months failed 
because of low emission. When 6SN7 
tubes are used in ring circuits where one 
side of the tube is normally conducting 
and the other side is not conducting, the 
conducting side has a much higher average 
test-plate current than the nonconducting 
side. The 6SN7’s also are used in the 
same manner in a pulse-shaping circuit 
where the same results were obtained. 

Eighty-five per cent of all other tube 
types used in the OFF condition, except 
the 807’s, were discarded because of low 
emission. The number of tubes used in 
the ON condition and discarded for low 
emission ranges from 1 per cent to 66 per 
cent for any one type of tube. The life 
of the tubes used in the ON condition as 
compared with the same type used in the 
OFF condition is better by a factor of 50 
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per cent or more when only the low- 
emission type failures are considered. 

The 6SJ7, 6L7, and 6SA7 are all used 
as normally OFF tubes and all have low 
emission as the predominant type of 
failure. Their average lives are 10,600, 
8,100, and 8,500 hours, respectively. The 
6SA7’s are used in two ways. One which 
has a duty cycle ten times that of the 
other has a longer average life by 1,600 
hours. 

For all tubes in the ENIAC, except the 
6SA7 and the 807, the tube lives termi- 
nated by low-emission failure averaged 
more than twice as long as those termi- 
nated by failure caused by poor cutoff, 
short-circuited elements, and burned-out 
filaments combined. The 6SA7 showed 
the same trend as the others, but to a 
lesser degree. 

The 807 showed the reverse of this 
condition to be true, with low emission 
being 38 per cent less than all others. 
This behavior may be explained by the 
fact that these tubes operate with ex- 
cessively high plate potentials. 

The 6Y6 tube, having an over-all life 
average of 12,300 hours, is used only as a 
triode. In one circuit nine such tubes are 
connected in parallel. This makes it 
difficult to determine when one tube is 


Table Il. Standard Voltages and Currents Used To Determine Cutoff Characteristics 
Cutoff Cutoff Maximum Plate Maximum Screen 
Tube Voltages, Voltages, Current, Current, 
Type Grid 1 Grid 3 Milliamperes Milliamperes 
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Figure 2. Average tube life 


faulty, because the safety factor in the 
circuit will allow it to function when one 
or two tubes are well below standard. 
Detection being difficult, a longer service 
life results. The type of malfunction 
most prevalent is short-circuited ele- 
ments, the heater cathode short circuit 
being the most common. It is interest- 
ing to note that this failure does not cause 
the computer to malfunction because the 
heaters are at cathode potential. 

The 6AC7 and the 807 have life aver- 
ages of 6,500 hours and 5,800 hours, re- 
spectively. These tubes are used in a type 
of circuit in which the safety factor is 
small. The circuits are given extensive 
marginal tests every three or four months. 
Tubes are removed which are not causing 
circuit failures but indicate they will in 
the near future. The two conditions, low 
safety factor and extensive testing, cause 
lower service averages for these two tube 
types. 

The 6AC7’s which are used in the ON 
condition with a plate, screen, and grid of 
+80, +20, and +1 volt, respectively, 
fail 99 per cent of the time because of 
short-circuited elements or unsatisfactory 
cutoff conditions. 

The 807, which is used mainly in the 
OFF condition, with 600 volts applied to 
the plate and both grids at below the cut- 
off point specified in the test standards, 
has 40 per cent of its failures caused by 
short-circuited elements. A reason for 
this may be that the duty cycle of this 
807, even though it is classified as a nor- 
mally OFF tube, is high because of the 
manner in which its circuit is used. It is 
ON for 300 microseconds at a time and is 
used many more times than any other 
normally OFF circuit in the ENIAC. j 

The 6L6 is used in both the OFF and 


AIEE TRANSACTIONS 


_ kv system. 
_ reactor and the 20,000-kva synchronous 


the ON condition with a low service life 
average of around 6,300 hours. For the 
OFF-type of service, the low emission was 
the predominant type of failure, while for 
the ON use failure was caused about 50 


per cent by low emission and 50 per cent 
by cutoff, short-circuited elements, and 
burned-out filaments combined. The 
average life for an ON tube with a low- 
emission failure ran 10,200 hours, which is 


70 per cent better than the life average for 
a low-emission failure in an OFF tube. 
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Technical Problems Associated with the 
Application of a Capacitor in Series 


with a Synchronous Condenser 
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Synopsis: In January 1950, a 3,600-kva 
series capacitor was put into operation for 
the purpose of minimizing lamp flicker pro- 
duced by large arc furnaces. This installa- 
tion is unique in that the capacitor is lo- 
cated in series with the terminals of a 20,000- 
kva 13.8-ky synchronous condenser, rather 
than in series with the supply system. The 
capacitor has been operating successfully 
for over ten months and has produced the 
desired decrease in lamp flicker. This paper 
presents a summary of the studies made 


» prior to the installation of the series capaci- 


tor, as well as a general discussion of the 
factors that should be considered in similar 
applications. Economic factors, which dic- 
tated the selection of a series capacitor for 
decreasing the lamp flicker in this case, and 
the results of field tests made since the in- 
stallation was completed are covered in a 
companion paper.! 


OWER to the steel company plant is 
supplied from a 138-kv system as 
shown in Figure 1. The 13.8-kv furnace 
bus is supplied from a 37.5/45 megavolt- 
amperes (mya), oil-immersed self-cooled 


 forced-air cooled (OA/FA) transformer 


bank having a nominal ratio of 132/13.8 


ky. Inseries with the 13.8-kv side of the 


transformer is a buffer reactor installed 
to limit the load fluctuations on the 138- 
The application of this 


condenser was reported by Mr. T. G. Le 
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Clair.? The present plant load consists of 
two are furnaces, rated at 15,000 and 
25,000 kva, and a rolling mill with a de- 
mand of 8,000 kw at unity power factor. 
Future plans call for replacing the 15,000- 
kva furnace with a second 25,000-kva 
furnace. 

The 138-kv bus at Station E in Figure 1 
also is used to supply general industrial, 
commercial, and residential load in the 
area, Prior to the installation of the 
series capacitor reported in this paper, the 
operation of the are furnaces produced 
borderline flicker in the area served by 
Station E. It was, therefore, evident that 
system changes had to be made before 
two 25,000-kva furnaces could be oper- 
ated at the plant. As discussed in the 
companion paper,! a number of system 
changes were studied before a decision 
was made to install a series capacitor. 

Since the series capacitor was placed in 
service in January 1950, the furnace 
transformer supplying the large furnace 
has been operated on the 25,000-kva tap. 
This furnace, operating alone or in com- 
bination with the 15,000-kva furnace, has 
caused no objectionable flicker. 


Summary and Conclusions 


1. A capacitor can be installed in 
series with a synchronous condenser to 
decrease the effective reactance of the 
machine, and thereby increase its ability 
to absorb a larger share of the power and 
reactive variations produced by rapid 
load changes, such as produced by arc- 
furnace operation. 

2. The addition of a series capacitor 
to a circuit will cause low-frequency 
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transient currents to flow in the system 
following load changes. These currents 
can, however, be neglected in lamp- 
flicker problems if the system has positive 
damping. It usually is sufficient to con- 
sider only fundamental frequency cur- 
rents in calculating the improvements ob- 
tained with a series capacitor. 

3. In evaluating the losses associated 
with the low-frequency transients in a 
circuit containing a series capacitor, it is 
necessary to treat the synchronous con- 
denser as a negative resistance because it 
acts as an induction generator when the 
frequency of the stator currents is less 
than the system dynamic frequency. 

4. The negative resistance of the syn- 
chronous condenser can be estimated as 
follows: 


2(r2—11) VW xe/ (3¢2-+%a) 


V %e/(X2+Xa) 1150) 


r=n+ 


where 


’,=positive sequence resistance of the con- 
denser 

r, =negative sequence resistance of the con- 
denser 

%- =60-cycle reactance of series capacitor 

x2 =negative sequence reactance of the con- 
denser 

Xq=system reactance 
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Figure 1. Simplified schematic diagram of 


presnet system 


All impedances are in per unit on a 100-mva 
base 
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Figure 2. Change in system current as in- 
fluenced by ratio of machine to system react- 
ance 


l,=change in load current 

|, =change in system current 

xq" =machine subtransient reactance 
Xqa=system reactance 

Xo =series capacitor reactance 


Note: All impedances should be on a com- 
mon base. 


5. If the system does not have suffi- 
cient loss to provide adequate positive 
damping of the low-frequency transients, 
additional damping can be obtained by 
installing a resistor in parallel with the 
series capacitor. Positive damping al- 
ways can be obtained by selecting a re- 
sistor that just compensates for the nega- 
tive resistance of the synchronous. con- 
denser, in which case the system losses 
provide all the damping. In this case the 
parallel resistor has a resistance estimated 
as follows: 


where 7, X,, X2, and x, are defined as above. 


6. The other technical problems con- 


sidered in connection with this series 
capacitor application are as follows: 


a. Self-excitation of the synchronous con- 
denser 


b. Ferroresonance 
c. Hunting of synchronous condenser 
d. Condenser heating 


e. Excessive voltage at condenser terminals 
during underexcited operation 


Self-excitation usually is associated 
with the starting of a machine through a 
series capacitor. No trouble was ex- 
pected in the present application due to 
this cause, since the series capacitor could 
be by-passed whenever the synchronous 
condenser was started. Actually the 
capacitor is installed in series with the 
condenser running circuit breaker and so 
cannot be connected in the starting cir- 
cuit. 

Ferroresonance may be experienced 
when a transformer is energized through a 
series capacitor,‘ in which case the trans- 
former may continue to draw a large ex- 
citing current during steady-state con- 
ditions. Although this problem was not 
analyzed in detail, trouble was not antic- 
ipated because in this case transformers 
would be energized from two sources in 
parallel, only one of which would contain 
a series capacitor. Experience has indi- 
cated this conclusion to be correct. 

Synchronous machines connected to a 
power supply through a circuit having a 
high ratio of resistance-to-reactance may 
have a tendency to hunt.45® The addi- 
tion of a series capacitor increases this 
ratio, thereby increasing the tendency to 
hunt. Data were not available to permit 
an accurate evaluation of the tendency 
for the condenser in this application to 
hunt after the series capacitor was in- 
stalled; however, it was known that re- 


sistance could be used in parallel with the — 


capacitor to prevent objectionable hunt- 


ing. Experience has shown that the re- 
sistance required to provide positive 
damping of the low-frequency transient — 
currents will prevent hunting in the in- 
stallation discussed in this paper. 

Machine heating was viewed as an im- 
portant problem because of the large load 
swings to be imposed on the synchronous 
condenser. Margin for these swings could 
be provided in both the stator and the ~ 
field circuits by limiting the average 
loading of the machine. As shown in 
Figure 4A, the capacitor application was 
based on limiting the initial loading of the 
machine to 10,000 kva or to one-half its 
rating. It was the authors’ opinion that — 
the damper windings would have capacity 
for the anticipated loadings, but that 
field experience was required definitely to 
establish their adequacy for the service. 
Experience to date has indicated no ex- 
cessive temperature at any location in the 
machine; however, observations are to be 
made at intervals to be sure the machine 
is operated within its capabilities. 


When a synchronous condenser is con- 
nected to a bus through a series capacitor, 
the bus voltage is higher than the con- 
denser terminal voltage whenever the 
machine is delivering reactive kilovolt 
amperes. Conversely, when the con- 
denser is absorbing reactive kilovolt am- 
peres, its terminal voltage is higher than 
the bus voltage. As the condenser ab- 
sorbs reactive kilovolt amperes only when 
the bus voltage is high, excessive voltages 
can be experienced at the machine if its 
underexcited loading is not limited. 


It can be seen from the above that 
both the overexcited and the underexcited 
loadings of a synchronous condenser 
should be limited if a series capacitor is 


Figure 3. Simple schematic diagram of 1948 system 


Impedances are in per unit on a 100-mva base. Power and reactive 
flows indicated by the arrows are in megawatts and megavolt amperes, 
the figure in brackets being the reactive flow 
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Figure 4. Simple schematic diagram of future system 


Impedances are in per unit on a 100-mva base. Power and reactive 
flows indicated by the arrows are in megawatts and megavolt amperes, 
the figure in brackets being the reactive flow 
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cuit used to calculate 
influence of transient 


current on flicker 
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Power angle diagrams for future 


Figure 5. 
system 


Solid curve =loads as in Figure 4A 
Dashed curve=same system with all load 
removed 


installed to force the machine to carry 
large load swings. This factor must be 
evaluated in economic studies relative to 
these applications. 

The overvoltage and overcurrent pro- 
tection of the series capacitor installation 
is described in the companion paper.! 


Theory 


An are furnace is started by filling the 
furnace with scrap metal, then drawing 
ares between the metal and the 3-phase 


electrodes. Additional scrap is added as 


the initial charge melts. During the 
“melt-down” period the furnace operation 
is very erratic, with violent swings in the 
power and reactive kilovolt amperes 
drawn from the system. If these swings 
in power and reactive kilovolt amperes 
are beyond the capabilities of the system, 
objectionable variation in system voltage 
will result. Lamps supplied from the 
system will flicker, resulting in complaints 
from customers in the area. 

If the furnace load is supplied from two 
sources, the rapid changes in furnace cur- 
rent will divide between the two sources 
inversely as their impedances. In most 
installations involving large furnaces, the 
source resistances are small, and prac- 
tical engineering accuracy can be obtained 
by assuming that rapid variations in 
furnace current divide inversely as the 
reactance of the sources. Figure 2 illus- 
trates this division for a system such as 
the one in Figure 1. The curve shows the 
change in system current, expressed as a 
ratio to the change in load current, for a 
range of condenser-reactance to system- 
reactance ratios. The use of subtransient 
reactance, rather than transient react- 
ance, for the synchronous condenser is 
discussed subsequently. 
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Adding a capacitor in series with the 
synchronous condenser decreases the ef- 
fective subtransient reactance of the syn- 
chronous-condenser circuit by compensat- 
ing for part of the machine reactance. 
The difference between the synchronous- 
condenser and series-capacitor reactances 
then is effective in fixing the division of 
the load-current changes between the 
condenser and the system. In this case 
the (Xq"—X,)/X, ratio is used in Figure 
2 to find the change in system current. 

To illustrate the use of the data in 
Figure 2, assume a system having a react- 
ance equal to the synchronous-condenser 
reactance. In this case the variations in 
system current are equal to 50 per cent of 
the rapid variations in load current. Ifa 
series capacitor having a reactance equal 
to one-half the machine reactance were 
installed in series with the synchronous 
condenser, the variations in system cur- 
rent would be only 33.3 per cent of the 
variations in load current. 

It should be noted that the data in 
Figure 2 apply only for rapid and short- 
time duration changes in furnace current. 
Changes lasting longer than five or six 
cycles will depend on the transient, rather 
than the subtransient, reactances of the 
condenser and the system. Under steady- 
state conditions, that is, after transient 
effects can be neglected, all power must be 
supplied from the system, and the load 
reactive requirements will be influenced 


Xa 
Figure 7. Schematic diagram of 
induction motor with series ca- SYSTEM 
INTERNAL 


pacitor VOLTAGE 


ra, Xq = system resistance and react- 
ance 

Xe = series capacitor reactance 

rs, Xs=Stator resistance and react- 


ance a 
rr, Xp=rotor resistance and react- 

ance 
Xm=reactance of magnetizing 

branch 


fy =circuit natural frequency 
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by the condenser voltage-regulator set- 
ting. 


Load Changes and Permissible 
Flicker 


The available data on the permissible 
amount of flicker voltage usually are ex- 
pressed as a function of the frequency of 
cyclic pulsations. In the case of arc 
furnaces, the load changes are very er- 
ratic and cannot be classified as cyclic 
pulsations of a definite frequency. This 
situation makes it difficult to determine 
the magnitude of load changes and the 
limits of voltage variations to use in sys- 
tem design calculations. In making this 
series-capacitor application, all load varia- 
tions were based on data obtained by 
Messrs. C. M. Stearns and B. M. Jones.’ 
Field tests reported by Stearns and Jones 
showed a maximum change of 10,580 kva 
for two 10,000-kva furnaces operating in 
parallel, this change occurring only once 
during the series of tests. The second 
largest change was about 7,500 kva, all 
other variations being materially below 
this figure. The power factor of the 
large changes was on the order of 50 per 
cent. Stearns and Jones expressed the 
opinion that calculations probably should 
not be based on the largest load variations 
because of the infrequency of their oc- 
currence. With this in mind, it was de- 
cided to use a load change of 18,700 kva at 
50 per cent power factor for two 25,000- 
kva furnaces, this figure being 21/2 times 
the 7,500-kva change obtained with two 
10,000-kva furnaces. This procedure 
was considered reasonably conservative 
because the load changes usually do not 
increase directly with the furnace rating. 

The permissible flicker voltage was es- 
timated by calculating the probable 
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flicker caused by the two furnaces in 
operation in 1948. A load change of 
11,200 kva at 50 per cent power factor was 
assumed for the 10,000- and the 15,000- 
kva furnaces in operation at the time. 
This load variation is 50 per cent higher 
than the Stearns and Jones figure of 
7,500 kva for two 10,000-kva furnaces. 
This procedure appears reasonable be- 
cause field experience has indicated that 
the load variations are more closely re- 
lated to the size of the largest furnace, 
rather than to the total furnace capacity. 

As borderline flicker was experienced in 
1948, it was decided that the calculated 
flicker with the two 25,000-kva furnaces 
had to be smaller than the calculated 
flicker for the 1948 operation. 


Synchronous-Condenser Reactance 


Preliminary tests showed that load 
changes as large as 11,200 kva, as esti- 
mated previously for the furnaces in 
operation in 1948, did not last over five 
or six cycles, which raised the question of 
using the transient or subtransient react- 
ance of the synchronous condenser. One 
authority® states that “for load durations 
less than five cycles, it is likely that the 
regulation as calculated from the sub- 
transient reactance determines the per- 


SYNCHRONOUS 
CONDENSER SYSTEM 
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Figure 9. Application of parallel resistor to 
control damping of natural frequency currents 


X2=condenser negative-sequence reactance 
r=condenser negative resistance 

Xe = series capacitor reactance 

Rs, =shunt resistor 

Xa = system reactance 

rq = system resistance 
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Figure 8. Negative resistance 
of a representative synchro- 
nous condenser 


Solid curve=stator and rotor 
resistances equal to 0.005 and 
0.03 per unit, respectively 
Dashed curve =stator and rotor 
resistances equal to 0.005 and 
0.015 per unit, respectively 
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missible flicker. While the voltage drop 
at the end of five cycles is greater than 
initially, the transition is gradual and it is 
doubtful if the eye can discern so small a 
difference.’ The condenser in this case 
has a subtransient time constant of three 
cycles, as compared to a thermal time 
constant of two cycles for a 10-watt lamp 
and somewhat longer time constants for 
the larger lamps. It therefore seemed 
reasonable to use subtransient reactance 
in estimating the flicker produced by the 
large load changes assumed. It is possible 
that some of the large load changes may 
persist for longer than five or six cycles, in 
which case the effective flicker will be 
greater than calculated on the basis of 
subtransient reactance. However, if the 
frequency of occurrence of these larger 
flicker voltages is small, they would not be 
expected to cause complaints. 

On the basis of the preceding data, it 
was decided that the use of the synchro- 
nous-condenser unsaturated subtransient 
reactance of 20 per cent would be satis- 
factory. It should be emphasized, how- 
ever, that the machine reactance to be 
used in any specific application depends 
upon the load changes assumed. If the 
large, short-time load changes are neg- 
lected, then it may be necessary to use 
transient rather than subtransient react- 
ance. Considerable judgment is required 
in view of the complexity of the flicker 
problem in applications involving are 
furnaces. 


Flicker Calculations 


Figure 3 shows, in simplified form, the 
system in operation in 1948. This sys- 
tem, as well as the loads given, is used asa 
basis for determining the permissible 
flicker voltage on the 138-kv bus at Sta- 
tion E. Figure 3A shows the power and 
the reactive-kilovolt-ampere flows and 
the voltage levels for an assumed initial 


furnace load. In Figure 3B the furnace — 
load has been increased by 11,200’kva at 
50 per cent power factor. The voltages 
and flows in this figure were calculated by — 
assuming that the condenser and the 
system internal voltages did net change 
when the furnace load was increased. 
It will be noted that the Station E 138-ky — 
bus voltage decreased from 101 to 99.2 
per cent, a change of 1.8 per cent,,-when — 
the furnace load was increased. As 
borderline flicker was observed in 1948, 
this calculated voltage change of 1.8 per — 
cent is classified as borderline. 

Figure 4A illustrates the system design 
considered for the future load of two 
25,000-kva furnaces. A capacitor is used 
in series with the synchronous condenser 
to compensate for 75 per cent of the 
machine subtransient reactance, resulting 
in an effective subtransient reactance of 
25 per cent on a 100,000-kva base. In 
order to permit margin for the load — 
changes imposed on the synchronous con- 
denser, the initial loading of this machine 
is limited to 10,000 kva, or to one-half the — 
machine rating. Shunt capacitors on the 
13.8-kv bus supply a major share of the 
reactive load requirements, very little 
reactive kilovolt amperes being supplied 
from the 138-kv system because of the 
large regulation of the transformer and 
the buffer reactor. 

The furnace load in Figure 4B is ap- 
proximately 18,700 kva higher than the 
load in Figure 4A, this being the assumed 
load change for two 25,000-kva furnaces. 
It will be noted that the Station E 138-ky 
bus voltage changes 1.5 per cent for the 
assumed load change. This compares to 
a change of 1.8 per cent illustrated in 
Figure 3 for the 1948 operation. These — 
results indicated that the two 25,000-kva 
furnaces could be operated in the steel 
company plant with somewhat lower 
flicker voltages than those experienced in 
1948. The present system, (Figure 1) is 
supplying load to one 15,000- and one 
25,000-kva furnace without objectionable 
flicker, even though the series-capacitor 
compensation is only 59 per cent, as com- 
pared to 75 per cent assumed in Figure 4. 
The load fluctuations with two 25,000- 
kva furnaces are not expected to be ma- 
terially above those now being experi- 
enced, indicating that only minor system 
changes will be required to handle the 
anticipated future loads. 


System Stability 


Mr. Le Clair reported? that the syn- — 
chronous condenser pulled out of step 
with the 138-kv system on several occa- 
sions when the maximum buffer reactance ~ 


‘ 


Witzke, Michelson—A Capacitor in Series with a Synchronous Condenser AYTEE TRANSACTIONS 


__was in the circuit. This instability prob- 
ably was caused by a succession of large, 
properly spaced load swings, because it is 
doubtful that one load swing could have 
caused the condenser to pull out of step. 
This early experience indicated the de- 
sirability of investigating the system 
stability with the contemplated operation 
with two 25,000-kva furnaces. 

The ver angle diagrams in Figure 5 
| were obtained for the system in Figure 
_ 4A excepting that the synchronous con- 
| denser was represented by unsaturated 
| 
i 


transient reactance. The solid curve ap- 
plies for the system with the furnace load 
_ assumedin Figure 4A. The dashed curve 
_ is for the same system with all furnace 
load removed. If full furnace load is re- 
_ jected from the system, the condenser 
| momentarily absorbs approximately 25,- 
000 kw from the system. The condenser 
internal voltage then swings forward in 
phase angle, the maximum swing being 
| from point (a) to point (b), a change of 
approximately 35 degrees. After all os- 
cillations are damped out, the condenser 
internal voltage is approximately in phase 
with the system internal voltage. This 
| study shows that the system is very 
__ stable, and that even a succession of large 
load changes should not cause the con- 
denser to pull out of step with the system. 


Transient Currents 


The flicker voltages in Figures 3 and 4 
__ are based on a consideration of funda- 
mental-frequency currents only. Low- 
frequency transient currents also will be 
present in a circuit containing a series 
capacitor, their frequency being deter- 
mined by the inductances and the capaci- 
tance of the circuit. A special study was 
made to determine the influence of these 
transient currents on the flicker volt- 
ages, and it was concluded that their ef- 
fect is negligible if the system has suffi- 
cient positive damping at the natural 
frequency. lc 
The circuit selected for this study is 
shown in Figure 6, and is essentially the 
same as the one in Figure 4, except that 
the shunt capacitors and all initial loads 
are neglected. Point (a) in this circuit 
_ tepresents the 138-kv bus at Station E. 
_ A 5.0 per unit load reactance suddenly is 
_ applied at the instant the system voltage 
was equal to zero, this instant being 
_ chosen because switching at this time 
produces the maximum transient current. 
a The current in the source for this switch- 
_ ing operation is represented by the fol- 
lowing approximate expression: 


: 4s =0.072 cos 377t-+0.177€7 7" X 


cos 257t —0,249¢«—> 
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Figure 10. Influence of x,/x, ratio on 
circuit natural frequency and per unit 
slip, sy 


Curves were calculated for x,=0.20, 
rs=0.005, and r;=0.03 per unit. Xe, 
X, and xq are defined in Figure 9 


NATURAL FREQUENCY IN CYCLES PER SECOND 


In this expression, the first term is the 
60-cycle current, the second term a low- 
frequency, 41-cycle current, and the last 
term a d-c component. It will be noted 
that the low-frequency current actually is 
larger in magnitude than the 60-cycle 
current. 

With the above current in the source 
circuit, the voltage at point (a) in Figure 
6 is approximately as follows: 


€=0.99 sin 377t —0.0169¢ "x 
sin 257t —0.008¢—°'* 


This expression represents the voltage 
on the 138-kv bus at Station E following 
the assumed load change. In order to 
evaluate the influence of the assumed load 
change on lamps supplied from this bus, 
the rms value of the above voltage was 
calculated over a period of time equal to 
three cycles of the 60-cycle component. 
This time interval was chosen because it 
represents approximately one cycle of the 
heat introduced by the low-frequency 
component, and because voltage changes 
of shorter duration were not considered 
significant. The rms value of the voltage 
over three cycles is 0.99 per unit, the same 
as would have been calculated by neg- 
lecting the low-frequency and d-c com- 
ponents. 

In evaluating the losses associated with 


Figure 11. Influence of x,/x, 
ratio on parallel resistance re- 
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SLIP IN PER UNIT 
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the low-frequency transients in a circuit 
containing a series capacitor, it is neces- 
sary to consider the characteristics of 
synchronous and induction machines with 
low-frequency currents flowing in their 
stator circuits. Mr. C. F. Wagner? 
analyzes this problem by treating the in- 
duction machine as a reactance and a 
negative resistance when the frequency of 
the stator current is appreciably below 
dynamic frequency. The same approach 
is applicable to synchronous machines. 

The upper circuit in Figure 7 is the 
conventional diagram of an induction 
motor, and applies for 60-cycle currents in 
the stator circuit. The lower circuit is 
the same as the upper one, except that it 
applies for natural-frequency stator cur- 
rents of frequency f,. In these circuits, s 
is the slip of the motor referred to 60- 
cycle stator currents, and s, is the slip re- 
ferred to stator currents of frequency fp. 
If S is the 60-cycle synchronous speed of 
the motor, f,S/60 is the synchronous 
speed referred to stator currents having a 
frequency f,. Letting N be the actual 
speed of the motor, 


S—N d 
,an 
5 a 


(fn/60)S—N _ fnS—60N 


s= 


n= 


(F/OOS «as 


0.050 


quired and on 60-cycle loss 


Curves were calculated for x.= 

0.20, rs=0.005, and r,=0.03 

per unit. Xc, X2, and xX¢@ are de- 
fined in Figure 9 


EFFECTIVE 60 CYCLE SERIES RESISTANCE 
OR LOSS IN PER UNIT 
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It will be noted that s, can be negative 
if the motor is running at some speed near 
its 60-cycle synchronous speed and the 
circuit natural frequency is appreciably 
less than 60 cycles. Under these condi- 
tions the resistance 7,(1—s»)/s, in Figure 
7 also is negative, which is interpreted to 
mean that this circuit element delivers 
power to the natural-frequency circuit. 
Natural-frequency currents established in 
this circuit by circuit changes either will 
increase or decrease in magnitude, de- 
pending upon the value of this negative 
resistance in comparison with other re- 
sistances in the circuit. In order to have 
positive damping this resistance must be 
less than the sum of the other circuit re- 
sistances. If this condition is not satis- 
fied, the magnitude of the low-frequency 
current will be limited only by the ability 
of the 60-cycle circuit to deliver power to 
the natural-frequency circuit, the trans- 
fer of power between circuits taking place 
in the motor, 

The above analysis also can be applied 
to synchronous machines, the only dif- 
ference being that the 60-cycle circuit in 
Figure 7 is not used. In the case of syn- 
chronous motors, condensers, or genera- 
tors, the machine does not slow down, but 


drops back.in phase position, to deliver 
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shaft power. The natural-frequency cir- 
cuit in Figure 7 applies equally well to in- 
duction and synchronous machines. 

In the case of a synchronous machine 
running at its 60-cycle synchronous 
speed, s, can be expressed in terms of the 
circuit natural and dynamic frequencies, 
as follows: 


tn —60 


7 ae 

Fn 
The net resistance of a synchronous 
machine is a function of the rotor and 
stator resistances, and can be expressed 
as follows: 


r=rettr/Sny 


where s, is defined as above. 

This relation neglects the magnetizing 
branch in the machine equivalent circuit. 
The rotor and stator resistances can be 
calculated by a machine designer, or can 
be estimated from the machine positive 
and negative sequence resistances. In 
the latter case the stator resistance is as- 
sumed equal to the positive sequence re- 
sistance. The negative sequence resist- 
ance of a machine is equal to the stator 
resistance plus one-half the rotor resist- 


¢ 9 M Py ; 
ance.” The rotor resistance then is esti- 
mated as follows: . 


REACTOR AND “ 
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TRANSFORMER 


-j0.59 
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Figure 12 (left). Oscillographic records obtained in field tests 


Transients initiated by opening series capacitor by- “pass circuit A 


breaker 


Figure 13 (above). System conditions during tests discussed 
in connection with Figure 12 


All impedances are in per unit on 4 100-mva base 


tp =2(r2—7rs) =2(r2—11) 


The net machine resistance now can be 
expressed in terms of the sequence quanti- _ 
ties. 
veg poe. 

In 

As estimated in this manner, the nega- 
tive resistance of a machine will be on the 
high side because of skin effects in the 
rotor circuits. With 60-cycle negative 
sequence currents in the stator, 120-cycle 
currents are present in the rotor circuits, 
whereas, with low-frequency positive se- 
quence currents in the stator, the fre- 
quency of the rotor currents is the dif- 
ference between 60 and the frequency of 
the stator currents. In large machines, 
the low-frequency rotor resistance may be 
as low as one-half the value estimated 
from the positive and negative sequence 
resistances, the actual ratio depending 
upon the rotor dimensions and resistivity 
and the frequency of the rotor current. 

Figure 8 is a plot of the negative re- 
sistance of a synchronous machine having 
a stator resistance of 0.005 and rotor re- 
sistances of 0.015 and 0.03 per unit. This 
calculated curve is included to show the 
variation of resistance with the circuit 
natural frequency, and particularly the 
rapid increase in resistance as the natural 
frequency approaches the system dy- 
namic frequency. Theoretically the re- 
sistance is infinite at 60 cycles, that is, 
when the circuit inductance is fully com- 
pensated. These results are based on the 
assumption that the rotor and stator re- 
sistances remain constant, independent of 
frequency. 


Parallel Resistor 


In system problems involving lamp 
flicker, the natural-frequency currents 
can be neglected providing the circuit has 
some reasonable positive damping, as is ~ 
discussed in the section on transient cur- 
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rents. It is expected that system losses 
will provide adequate damping in some, 
but not all, cases. Where additional 
damping is required, it can be obtained 
by paralleling a resistor with the series 
capacitor, as indicated in Figure 9. The 
ohmic value of the parallel resistor will 


depend upon the machine and system re- 
_ sistances 


yand reactances, as well as the 


degree of compensation employed. Posi- 
tive damping always can be obtained by 


selecting a resistor that just compensates 


for the negative resistance of the machine, 
in which case the system losses provide all 


the damping. This is accomplished by 


making the effective series resistance of 


the parallel resistor and capacitor, at the 


circuit natural frequency, equal to the 
negative resistance of the machine. In 
this case, 


60 \?2 
568 (= 
(7) 


Ryy=— 


7 


where R,,, r, and X, are expressed on the 


same base, and X, is the 60-cycle react- 
ance of the series capacitor. 


When R,, is larger than ten times X,, 
which generally will be the case in prac- 


tical applications, the circuit natural fre- 
“quency is approximately equal to 60- 


V X,/(xe+%,). Using this relation, the 
negative and shunt resistances can be 
estimated as follows: 


Des! xe) at xa) 
WV xe(x2-+%a) — 1.0 


r=n+ 


The negative sequence reactance of the 


‘machine, «2, is used in these calculations 
_ because the negative-sequence inductance 


of the circuit determines the natural fre- 


~ quency of the system. 


Figure 10 shows the influence of the 


_ X,/X» ratio on the natural frequency of the 


circuit in Figure,9. The curves in this 
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figure were calculated for the machine 
constants indicated in the caption. It 
was assumed that the ohmic value of the 
parallel resistor was such as to make the 
effective resistance of the capacitor-re- 
sistor combination equal to the negative 
resistance of the machine at the circuit 
natural frequency. A range of system 
reactances, from 25 to 100 per cent of the 
machine reactance,-is included to show the 
influence of this variable. The second set 
of curves gives the per unit slip, s,, for the 
same range of constants. 

Figure 11 gives the ohmic value of the 
parallel resistor, expressed as a ratio to 
the 60-cycle reactance of the series capac- 
itor, for the same conditions as discussed 
previously. It will be seen that the ratio 
of the parallel resistance to the capac- 
itor reactance decreases when the x;,/x» 
ratio is increased or when the system 
reactance is decreased. This, of course, 
increases the 60-cycle losses in the cir- 
cuit, which is shown by the second set of 
curves in Figure 11. These results indi- 
cate that there is a practical upper limit 
to the machine compensation that should 
be used, particularly when the system 
reactance is small by comparison to the 
machine reactance. 

The oscillograms in Figure 12 were ob- 
tained in field tests at Station E and are 
included to show the positive damping in 
the circuit. The circuit conditions for 
this test are shown in the simplified cir- 
cuit in Figure 13. All furnace load was 
disconnected at the time the oscillograms 
were obtained. 

The transient was initiated by opening 
the series capacitor by-pass circuit 
breaker with approximately 450 amperes 
in the synchronous condenser circuit prior 
to the switching operation. The cal- 
culated natural frequency of this circuit 
is 34.5 cycles per second, as compared to 
33.4 as obtained from the data in Figure 
12. The beat frequency of 26.6 cycles per 
second may be seen on the oscillograms. 

The circuit time constant, as deter- 


mined from the decrement in Figure 12, is 
approximately 15 cycles on a 60-cycle 
basis. This time constant and the total 
circuit inductive reactance of 1.74 per 
unit give a net resistance of 0.037 per unit 
on a 100-mva base. The 15.8 per unit 
parallel resistor introduces an equivalent 
series resistance of 0.071 per unit at 33.4 
cycles per second. This value, in con- 
junction with the other series losses, gives 
a total series resistance of 0.129 per unit, 
excluding the synchronous condenser. 
From these values the condenser resist- 
ance is estimated at —0.092 per unit. 
This resistance was estimated at —0.145 
per unit based on the machine positive 
and negative sequence resistances of 
0.03 and 0.10 per unit on a 100-mva base. 
The major part of the difference between 
the two values is attributed to skin ef- 
fects in the condenser rotor. 
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Fundamental Effects of Series Capacitors 


in High-Voltage Transmission Lines 


A. A. JOHNSON 


FELLOW AIEE 


HE load capability and performance 

of many existing and future high- 
voltage transmission lines can be im- 
proved by the installation of series capac- 
itors. However, the proper application 
of series capacitors depends upon an 
understanding of their fundamental ef- 
fects on transmission. It is the purpose 
of this paper to outline and interpret 
these effects in order that the merits and 
limitations of series compensation can be 
evaluated for any particular circuit or 
system. Curves are presented showing 
the effects of series compensation on 
power transfer, power factor, and effi- 
ciency for lines of varying length, voltage, 
and impedance. 

The application of series capacitors to 
high-voltage transmission lines has re- 
ceived considerable attention during the 
past decade.4,34 This widespread in- 
terest can be attributed to the following 
factors: 


1. Rapidly increasing load demands. 


2. Increasing construction costs of new 
transmission lines. 


3. Low capacitor cost per kilovolt-ampere. 


4. Conservation of critical defense mate- 
rials. 


_ In spite of these factors, however, the 
application of series capacitors to high- 
voltage transmission lines did not become 
a reality until the recent development of 
adequate protective equipment. Under 
the impetus of this advance in the art, it 
seems probable that a number of series 
capacitor installations will be placed in 
high-voltage lines in the future. Some 
possible applications of series capacitors 
to transmission circuits are: 


1. To effect the desired load division be- 
tween parallel circuits. 
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2. To increase the load capacity of a trans- 
mission line by a nominal amount (0-50 per 
cent). The series capacitor is very useful 
for this type of system expansion because 
such an increase does not justify changing 
the system voltage or building another 
parallel circuit. 


3. To provide increased line capacity so 
that the system can handle short-time emer- 
gency loads. In such applications, the line 
efficiency at peak loads for compensations 
over 50 per cent will be decreased mate- 
rially. 

4. To increase the transient stability limits 
of a system. 


5. To improve voltage regulation and 
power factor for a given load condition by 
reducing the operating angle of the line. 


During the past few years, the pri- 
mary use of the series capacitor has been 
to raise voltage and decrease lamp flicker 
on a distribution bus or radial feeder. 
One of the most notable of such applica- 
tions is the 10,000-kva series capacitor in 
a Duquesne Light Company 69-kv radial 
feeder which supplies an arc furnace.5§ 
This installation has been in successful 
operation since 1947. More recently the 
Bonneville Power Administration has 
purchased series capacitors for three 
separate installations on their 220-kv tie 
lines. The largest of the three units has 
a rating of about 80,000 reactive kilovolt- 
amperes. 


Basic Principle of Series 
Compensation 


Fundamentally, the series capacitor is 
used to compensate for the inductive re- 
actance of a transmission or distribution 
circuit. In the case of the distribution 
circuit this is done to reduce voltage reg- 
ulation or lamp flicker. For transmis- 
sion circuits, the object is more likely to 
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be an increase in the power transfer and 
stability limits. 

In a normal transmission line without 
series capacitors (neglecting line resist- 
ance), the maximum power which may be 
sent over the line is 


EsE, | 
Pmax = ty 
= (1) 


where E, and E, are the sending and re- 
ceiving voltages respectively. 

If a series capacitor is inserted in the 
line, the maximum power becomes 


(2) 


Thus, it can be demonstrated by Figure 
1 that as the reactance between the send- 


ing and receiving end is decreased, the 


power limit of the system is increased. 
When line resistance and the line shunt 
capacitance are included, the power 
equation is modified, but the fundamental 
effect of a series capacitor is still the 
same. 


Effect of Series Compensation 
on Line Constants 


The circuit used to represent the trans- 
mission line is shown in Figure 2. The 


series capacitor is placed at the center of - 


the line for reasons explained later. The 
transmission lines on either side of the 


P 


series capacitor are represented by ABCD 


constants as defined by the relations 
E;=AE,+ Bl; 


I, =CE,+DI, (4) 


(3) 


The ABCD constants are used because 


it is desired to take into account the ef- 
fects of line resistance and line shunt 
capacitance and this method offers the 
easiest analytical approach. 

Terminal impedances are not included 
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Figure 1. Single-line diagram 
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Figure 2. Equivalent circuit used in study 


because it is desired to point out the 
effects of series capacitors on the per- 
formance of transmission lines without 
the masking effects resulting from con- 
sideration of various terminal impedances. 
It is possible to obtain a great deal of 
information from the variation of these 
constants with line length and percent 
compensation. Accordingly, the ABCD 
constants are plotted against line length 
with per cent compensation as a param- 
eter as shown in Figures 3 to 5. Re- 
sistance is neglected and a value of 400 
ohms was chosen for the surge impedance 
of the transmission line. Per cent com- 
pensation of the line is defined as 


(5) 


Pia ck 
Per cent compensation = Sx 100 
” 


where 


%=line reactance—ohms per mile 
S=line length in miles 


_ X,-=series capacitive reactance—ohms 


An examination of equations 3 and 4 
teyeals the following information con- 
cerning the nature of the ABCD con- 
stants. 


(1) The A constant relates the sending 
and receiving end voltages for an unloaded 
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center of line 
line (I,=0). Therefore, the voltage at the _ the line. It will be observed that a given 
Rae! ae ualgdesd Sins ts per cent compensation as defined by 
E ie equation 5 does not result in the same per 
ae} (6) cent reduction of the B constant. For 


(2) The B constant represents the series 
impedance between the sending and receiv- 
ing ends. As such it is the factor which 
largely determines the power which may be 
transferred over the line since, neglecting 
line resistance 


E;E; 


P= sin 6 (7) 


The curves of Figure 3 show that the 
addition of series capacitance reduces the 
rise in voltage at the end of an unloaded 
or lightly-loaded line. This fact is ex- 
tremely important for very long lines 
because the rise in voltage at the end of an 
unloaded line often causes problems with 
protective equipment. 

The curves of Figure 4 show that the 
addition of series capacitors reduces the B 
constant, thereby increasing the amount 
of power which can be transferred over 


Figure 3. The A constant versus line length in miles for various values of 
compensation at center of line 


Zo = 400 OHMS 
f =60 VU 


instance, in a line 400 miles long, 75 per 
cent compensation causes a reduction of 
the B constant of 70 per cent. 


Effects of Series Capacitor on 
Power Transfer Ability 


Series capacitors have long been recog- 
nized as a means of increasing the power 
transfer ability of a transmission line. 
Therefore, they must compete both 
economically and performancewise with 
other established methods of accom- 
plishing this objective. To summarize 
briefly, these other methods are: 


1. Higher voltages. 

Multiple lines. 

Lower frequency. 

D-c transmission. 

Intermediate synchronous condensers. 
Cable and shunt reactors. 


P OVP Go bv 


Of these six methods, the last four are 
of little consequence at the present time 
for a multitude of economic and technical 


Figure 5. The C constant in mhosX 107 versus line length in miles for 
various values of compensation at center of line 
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reasons. Therefore, series capacitors will 
be compared with the first two methods 
only. 

There are several ways to analyze the 
effects of series capacitors on power 
transfer ability. One method is to asstume 
typical values for terminal impedances in 
order to calculate the stability limit for 
various line lengths and percentage com- 
pensations. When this method is used, 
the terminal impedances are decreased as 
the transmitted power is increased to 
simulate an increase in generator and 
transformer capacity. Such an approach 
yields complete information about the 
assumed system’ and if the values of the 
terminal impedances are chosen judici- 
ously, the information gained from the 
assumed system can be applied to a 
number of practical cases. However, 33 8 8 8 3 3 8 
there are certain cases where data ob- ~ 
tained by this means are not applicable. 
Examples of such applications are systems 
where terminal impedances are signifi- 
cantly different than the assumed im- 
pedances and systems where series capac- 
itors are used to effect load division be- 
tween two parallel lines. 

In order to analyze such cases, a second 
approach to the problem is presented in 
this paper. The assumption is made that 
most long lines are operated with fixed 
or predetermined high side voltages at 
the sending and receiving ends. There- 
fore, the performance of the line and the 
series capacitor can be considered sepa- 
rately from the terminal equipment. 
Accordingly, the performance of the line 
and the series capacitor is analyzed with 
respect to line voltage, voltage gradient, 
line operating angle, and r/x ratio. 

Towards this end, the power transfer 
ability of lines of varying length, voltage, 
and per cent compensation was plotted 
for fixed angles between sending and re- 
ceiving ends as shown in Figures 6 and 7. 
The curves can be used to determine re- 
ceiving end power for any value of com- 
pensation since most high-voltage lines 
have an r/x ratio in the neighborhood of 
0.2. For instance, in a 220-kv line, 200 
miles long, with 35 per cent compensa- 
tion; the receiving end power at a line 
operating angle of 30 degrees is 230 mega- 
watts. 

These curves illustrate the following 
facts: 
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1. The power transfer ability of a line with 
50 per cent compensation is approximately 
equal to the power transfer ability of two 
parallel lines of the same length and voltage. 


2. The power transfer ability of a 138-kyv 
line with 75 per cent compensation is approx- 
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Receiving end power versus line operating angle for various line lengths (D) S=400 miles 
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3. The power transfer ability of a 220-kv 
line with about 75 per cent compensation is 
approximately equal to that of a 345-kv 
line without compensation. 


Effects on Power Factor 


The effects of series capacitors are not 
confined to increases in the power transfer 
ability of a transmission line. The curves 
of Figure 8 illustrate the variation of the 
sending and receiving end power factors 
with line length, per cent compensation, 
andangle. These curves are plotted for a 
ratio of 0.2 between line series resistance 
per mile and line inductive reactance per 
mile. However, the general trends which 
are shown apply to other r/x ratios. 

Some of the general principles shown 
by the curves of Figure 8 are presented 
more concisely in the circle diagrams of 
Figure 9, The effect of series compensa- 
tion on reactive power flow can best be 
illustrated with an example. If the re- 
ceived power is assumed as 2.0 per unit, 
the reactive power without compensation 
is —1.15 per unit. As compensation is 
added, the receiving-end reactive power 
becomes less negative, but when the 
compensation is greater than 50 per cent 
the receiving-end reactive power becomes 
more negative. Thus, there is a par- 
ticular value of compensation that yields a 
minimum negative reactive power for the 
assumed received power and voltage 
gradient. For an assumed sending-end 
power of 2.0 per unit, the reactive power 
changes from +0.4 per unit for zero com- 
pensation to —0.5 per unit for 75 per cent 
compensation. Zero reactive power is 
indicated for a compensation of approxi- 
mately 37 per cent. It is interesting to 
note that for small values of sending-end 
power the addition of series compensation 
causes a reverse effect; that is, the reac- 
tive power becomes more positive with in- 
creased compensation. The effect of 
series compensation on reactive power 
flow for other values of loading can be 
found in Figure 9. 

A general explanation of the effects of 
series capacitors on power factor is some- 
what involved because these effects are 
the cumulative result of two factors: 


1. The effect of increased resistance-to- 
reactance ratio caused by series compensa- 
tion. 

2. The effects of line shunt capacitance as 


series compensation is increased. 


An analytical discussion of the manner in 
which these two factors affect power 
factor is given in Appendix I. 

In order to present a clearer view of the 
effect of series capacitors on power factor, 
two specific cases are considered. The 
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Figure 8. Sending and receiving end power factors versus line length for various line operating 
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| first case is a comparison between two 
| parallel uncompensated lines and one line 
compensated so that its power transfer 
capability is the same as that of the two 
| uncompensated lines. The length, volt- 
ages, conductor size, and operating angle 
of each line are the same. The results of 
_ this comparison are shown in Table I. 
_ The values in Table I are obtained from 
_ Figures 6 and 8. 
_ An examination of Table I shows that a 
| greater amount of positive reactive power 
_ flows into the line at the sending-end for 
the two uncompensated lines than for the 
one compensated line. - Likewise, less 
: negative reactive power flows out of the 
- receiving end for the two uncompensated 
: lines than for the one compensated line. 
_ This is an important point because most 
loads require positive reactive power. 
‘Therefore, in order to maintain receiving 
end voltage and supply the reactive re- 
quirements of ordinary loads, more cor- 
‘rective capacity ‘in the form of shunt 
‘capacitors or overexcited synchronous 
condenser capacity is required at the re- 
iving end for one compensated line than 
| two uncompensated lines. There are 
_ three fundamental reasons for this phenom- 


The compensated line has only one-half 
shunt capacitance of the two uncom- 
ensated lines. Thus, less corrective mvar 
s obtained from the line itself. 


The resistance-to-reactance ratio of the 


© uncompensated lines. This condition 
the sending end equipment to put less 
ive reactive power into the line for a 
en real power load. 


51, VOLUME 70 


Figure 10. The effects of 
line resistance on power 
transfer and sending and 
receiving end power factors 


3. Although a portion of the mvar required 
by the line series inductive reactance is 
supplied by the series capacitor, the remain- 
ing mvar which must be supplied for this 
purpose is greater than the total reactive 
megavolt-amperes required by the line in- 
ductive reactance of the two parallel uncom- 
pensated lines. 


The foregoing statements assume that 
the compensated line and the two parallel 
uncompensated lines are transmitting the 
same amounts of power and are operated 
at the same voltage gradient from sending 
to receiving end. If the compensated line 
is operated at a higher gradient than the 
uncompensated lines as shown in the 
third row of Table I, its receiving end re- 
active power will approach that of the un- 
compensated lines. 

The second case which is considered is a 
comparison between a compensated line 
and an uncompensated line of the same 
length. Both lines are operated at the 
same voltage gradient and the receiving 
end powers are equal. The results of this 
comparison are shown in Table II. 

The tabulated values show that the in- 
sertion of series capacitance causes the 
sending end power factor to change 
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ever, the series capacitance causes an in- 
crease in the positive reactive power at 
the receiving end. This is a result of the 
fact that part of the positive reactive mva 
required by the line inductive reactance 
is supplied by the series capacitor. 

A common fallacy in the application of 
capacitors is that a given amount of 
capacitive megavolt-amperes will effect the 
same power factor correction whether the 
capacitance is placed in series or shunt. 
The last three columns of Table II show 
that this is not true. The criterion used 
in the table is the total amount of capaci- 
tive megavolt-amperes in series and shunt 
needed to correct the receiving end power 
factor to unity. The tabulated results 
show that a total of 104 megavolt-am- 
peres is necessary for the compensated 
line while only 61 megavolt-amperes 
are needed for the uncompensated line. 

The primary reason for the disparity in 
the amount of capacitive megavolt-am- 
peres required for each case is the increase 


slightly in the leading direction. How- in the total resistance-to-reactance ratio 
Table | 
Received Per Sending Receiving 
Power, Cent End, End, 
Mw E, bo Comp. Mvar Mvar 


DQ Parallellines. ..~.. 00.0 nomen 
1 Compensated line..... , 
1 Cosipensated line... ....+.5005 


Note: Conditions of tests were: length =200 miles; angle =30 degrees; Zo =400 ohms. 
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Table Il 
re wae ©. Receiving 
End Power 
Received Line Per Sending Factor Series Shunt 
Power, Angle Cent End (Without Cap., Cap., 
Mw Degrees Comp. Power Factor Shunt Cap.) Mva Mva Total 
1 Uncompensated 
Line) cic eee sane LOB) aeictaw BO Mesanha recite 0.987 lag..... 0.956 lead..... Once: Gian c 61 
1 Compensated 
1 CMe. Aten nari LOSS aca 20ers clors Ct Sache 0.998 lead... .0.987 lead..... Ve Rieter OZ irovetesecs 104 
Note: Conditions during tests were: E,=242 kv; E,=220 kv; length =200 miles; Zo=400 ohms. 


Receiving end power factor corrected to unity by shunt capacitance. 


of a transmission line when series capaci- 
tors are used. This forces the sending 
end machines to put more negative reac- 
tive power into the line than is required 
when the same power is transmitted over 
the same line without series capacitors. 
Therefore, a greater amount of capacitive 
megavolt-amperes are required to absorb 
this increase so that unity power factor 
may be maintained at the receiving end. 


The Effects of Line Resistance 
as Series Compensation 
Is Increased 


Line resistance is an extremely im- 
portant consideration in the application of 
series capacitors to transmission cir- 
cuits. It is one of the principal factors 
which determines the maximum prac- 
tical per cent compensation in a given 
transmission circuit. In order to illus- 
trate the effects of line resistance, a line 
length of 300 miles is considered. Then 
the sending and receiving end powers and 
power factors are calculated for an oper- 
ating angle of 30 degrees and a nominal 
voltage of 138 kv with r/x« as a parameter. 
The results are shown in Figure 10. 

Of special interest is the variation of 
power transfer with percentage compen- 
sation. The power transfer ability of the 
line falls off very rapidly with r/x ratio 


1.00 


-90 


for high values of compensation. This is 
because power transfer becomes more of a 
function of voltage difference between the 
ends of the line than angular difference. 

Figure 10 also illustrates the effect of 
increasing r/x on the sending and re- 
ceiving end power factors. As r/x is in- 
creased, both the sending and receiving 
end power factors become more leading. 
The explanation of this phenomena is 
given in the first part of Appendix I. 

In addition to the aforementioned ef- 
fects, the r/x ratio directly determines the 
line efficiency. Accordingly, a study was 
made of line efficiency for various coim- 
binations of series compensation, operat- 
ing angle, line length, voltage gradient, 
and r/x ratio. The study showed that the 
efficiency of the line is relatively inde- 
pendent of line length and voltage grad- 
ient for a fixed line operating angle. 
Therefore, efficiency was plotted versus 
operating angle for various values of 
compensation and 7/x ratio as shown in 
Figure 11. The values shown on these 
curves are accurate to within 1 per cent 
for line lengths up to 400 miles and voltage 
gradients up to 15 per cent. 

This family of curves points out a 
number of interesting facts. 


1. Line efficiency is a function of only two 
variables, r/x and operating angle, for pur- 
poses of estimation. 


Figure 11 (left). 
Line efficiency ver- 
sus line operating 
angle for various 
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Figure 13 (tight), 
The B constant in 
ohms versus per cent 
compensation for a 
300-mile line for 
various positions of 
the series capacitor 
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Figure 12. The A constant versus per cent q 
compensation for a 300-mile line for various 
positions of series capacitor 


2. Line efficiency is approximately a line 
function of line operating angle between 
and 40 degrees. 


3. Series compensations in excess of 50 pe 
cent cause prohibitive line losses unless r 
and the operating angle are small. 


Position of Series Capacitor 
in Transmission Line 


The position of the series capacitor is 
important consideration in the case 
long transmission lines where shunt 
capacitance cannot be neglected. 
some extent, the capacitor location w 
also affect fault currents and relay oper 
tion. 


A study was made of capacitor locati 
considering the center of the line, the 
sending end and the receiving end. In 
order to illustrate the results of this anal-_ 
ysis, a line length of 300 miles is chosen 
and line resistance is neglected. Since 
the three locations of series capacitance 
can be compared most easily by means of © 
relative ABCD constants, these constants — 
are plotted versus per cent compensation — 
as shown in Figures 12 and 13. The 
analytical expressions upon which these 
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igure 14. Circuit and vector diagrams used 
for discussion in Appendix | 


A) Single-line diagram 

B) Vector diagram for zero compensation 
'©) Vector diagram for about 50 per cent 
compensation 


‘onstants are based are shown in Ap- 
dendix IT. 
' The curves illustrate the following: 


\L. When the series capacitor is at the send- 
jng end, the voltage at the receiving end at 
ho load is less than if the same amount of 
capacitance were placed anywhere else in the 
circuit. 


When the series capacitor is placed at 
he receiving end, the receiving end voltage 
tno load is unaffected by the series capaci- 
ee, 


3. More compensation per ohm of capaci- 
tance is obtained when the capacitorisat the 
center of the line. 


The effect that these differences in the 
ABCD constants have upon the flow of 
real and reactive power is shown by the 
following example: 


Example 1 


a 

Line length =300 miles, x =0.825 ohm/mile 
220 kv—60 cycles 

Line operating angle =30 degrees 

r/x=0 

Load = 253 megavolt-amperes 

Es =230 kv 

E,=220 kv 


_ From this data, the required series 
Capacitor megavolt-amperes and the reac- 
‘tive powers at the sending and receiving 
ands are calculated. The results are 
shown in Table III. 
_ From the tabulated results it can be 
n-that the series capacitor megavolt- 
unperes required to effect a given reduc- 
ion in the B constant is a minimum when 
series capacitor is placed at the middle 
the line, and a maximum when the 
pacitor is placed at the receiving end. 
wever, this is not the sole determining 
actor in the placement of the capacitor. 
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Examination of the reactive powers at 
the sending and receiving ends shows the 
following: 


1. When the capacitor is placed at the 
sending end, leading sending and receiving 
end power factors result. 

2. When the capacitor is placed at the re- 
ceiving end, lagging sending and receiving 
end power factors result. 

3. When the capacitor is placed at the 
center of the line, the sending and receiving 


end power factors lie somewhere between the 
values for (1) and (2). 


In evaluating these effects, the tacit 
assumption is made that leading power 
factors at the sending and receiving ends 
are undesirable. The reasons for this are 
the facts that leading power factor opera- 
tion reduces the capability and steady- 
state stability of synchronous generators 
and most loads are lagging. On this 
basis, placement of the capacitor at the 
sending end is undesirable, because too 
high a voltage gradient would be re- 
quired to cause lagging power factor 
operation. However, a good case can be 
made for placing the capacitor at the re- 
ceiving end, because the line can be oper- 
ated at lagging power factor with a low 
gradient. Obviously if the line is used for 
power transfer in either direction, the 
series capacitor should be placed in the 
middle. 

The question of the capacitor position 
upon relaying and fault currents is one 
which must be decided for the particular 
line or system under consideration. 
Generally speaking, however, the im- 
pedance center of the line is the most ad- 
yvantageous location from this stand- 
point. 

The general conclusions which can be 
drawn from the study of series capacitor 
position are as follows: 


1. The series capacitor should not be placed 
at the sending end. 


2. In general, the best place for the capaci- 
tor is at the middle of the line. 


3. Satisfactory operation will result if the 
capacitor is placed at the receiving end. 
This statement implies that power is to be 
transferred in one direction only. 


Effect of Series Capacitors 
on System Stability 


The effect of series capacitors on 
steady-state stability has already been 
mentioned in this paper. However, 
transient stability is often of greater im- 
portance than steady-state stability. 
Since transient stability has received con- 
siderable coverage in the literature on 
series capacitors'**%4 and since it is a 
problem which must be solved for a 
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Figure 15. Equivalent circuits used for 
analysis in Appendix Il 


(A) Capacitance at center of line 
(B) Capacitance at sending end 
(C) Capacitance at receiving end 


specific system, only general statements 
will be made in this paper. 

Series capacitor installations as pro- 
posed for present-day systems are pro- 
tected against abnormal power voltages 
by self-clearing gaps in parallel with the 
capacitor bank. These gaps are designed 
to flashover when the voltage across the 
capacitor bank exceeds 2!/2 times normal 
voltage. Therefore, two types of fault 
operation are possible, depending upon 
the location and severity of the fault. 


1. Faults which cause the gaps on one or 
more phases to flashover. 


2. Remote or high impedance faults which 
allow the capacitor bank to remain in 
service. 


The second type of fault is ordinarily 
not too severe from a stability stand- 
point. However, for the first type of 
fault, the capacitor may be partially or 
entirely ineffective during the fault con- 
dition because one or more phases of the 
capacitor will be shorted. After the fault 
is cleared, the capacitor is reinserted by 
special fast clearing gaps. Therefore, the 
series capacitor will help maintain sta- 
bility under the new operating condition 
provided that the swing currents do not 
become large enough to cause the capaci- 
tor to flashover again. 

Fron this discussion it can be seen that 
some increase in the stability limits will 
result from the use of series capacitors. 
However, the exact magnitude of this 


Table Ill 


Capacitor Position 
Sending Receiving 


Middle End End 
QHINS' Xa passive, cyoveie. ss 147 164 164 
TAX 59.5 CBG5 22 O85 
I2Xe—Mva......... 185 199 225 
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increase is dependent upon many factors 
such as relaying and breaker times, gap 
operation, terminal impedances, and sys- 
tem inertia so that it must be evaluated 
for each particular case. Reinsertion 
time is an especially critical factor in de- 
termining the aid received from series 
capacitors in maintaining stability.4%*® 


Summary and Conclusions 


Results of analytical studies illustrated 
in the figures of this paper show the 
following facts: 


1. The power transfer ability of a trans- 
mission line can be increased considerably 
by the use of series compensation. 


2. The receiving end power factor becomes 
more leading for the same line operating 
angle as the percent series compensation is 
increased. 


3. Except for long lines with low values of 
compensation, the sending end power factor 
is made less lagging for the same line operat- 
ing angle as the percent series compensation 
is increased. 


4. For estimating purposes, the efficiency 
of the transmission line can be considered to 
depend upen only the 7/x ratio of the line 
and the percent series compensation for a 
given line operating angle. 


5. Reduced efficiency and the tendency 
towards leading power factor as series com- 
pensation is increased are functions of the 
r/x ratio of the line. 


6. In general, the best location for the 
series capacitor is at the middle of the line. 


7. If power is to be transferred in one 
direction only, it is feasible to place the 
capacitor at the receiving end. 


These facts lead to the following con- 
clusions concerning the application of 
series capacitors: 


1. For lines with an 7/x ratio in the vicinity 
of 0.2 or more, series compensations of more 
than 50 per cent are impractical for reasons 
of low efficiency and power factor, unless the 
line is to be operated at an angle of consider- 
ably less than 20 degrees. The importance 
of this conclusion cannot be over-emphasized 
since most existing transmission lines fall 
into the above stated 7/x ratio category. 


2. Series compensations above 50 per cent 
are practical if the purpose of the extra com- 
» pensation is to increase the short-time over- 
load capacity of the line or the transient 
stability of the system. 


3. Due to the limiting effects of line resist- 
ance in the application of series capacitors, 
serious consideration should be given extra 
large conductor size in proposed lines, 
Oversize conductors would allow a greater 
future increase in the power transfer ability 
of the line. 


4. Series capacitors should be considered 
for long high-voltage lines. An economic 
study may show that the addition of series 
capacitors will actually reduce the trans- 
mission cost per kilowatt transmitted. 


534 


Appendix | 


Effect of Line Resistance on Sending 
and Receiving End Power Factors as 
Series Compensation is Increased 


Neglecting shunt capacitance, the effect 
of line resistance on sending and receiving 
end power factors can be shown by the vec- 
tor diagrams Figures 14(B) and 14(C) for 
the circuit in Figure 14(A). Figure 14(B) 
represents the vector diagram for zero com- 
pensation, while Figure 14(C) represents the 
vector diagram for 50 per cent series capaci- 
tor compensation and the same angular 
difference between E; and E;. From these 
diagrams, it can be seen that since the addi- 
tion of series compensation reduces the net 
r/x ratio of the line, both the sending and 
receiving end power factors are made more 
leading by the addition of series capacitance. 


Effect of Distributed Line Capacitance 
on Sending and Receiving End Power 
Factor as Series Compensation is 
Increased 


Neglecting resistance, the real and reac- 
tive powers at the sending and receiving ends 
can be expressed as follows: 


ESE. 
P, = Ps; =——sin 0 (8) 
AE;? EE, 
On= - cos 8 (9) 
B 
AE,? , EsE 
Oiekerea — cos 6 (10) 


where 6 is the angular difference between 
the sending and receiving end. 

Using these expressions, the sending and 
receiving end power factor angles can be ex- 
pressed as: 


o; = tan»? (2 cos 6 ce, 
* E; sin 6 


(11) 


(12) 


From the curves shown in Figure 3, it can 
be seen that the A constant is increased by 
the addition of series capacitance. Thus 
the effect of distributed capacitance is to 
make the sending end power factor more 
lagging, for a constant value of @, as series 
capacitance is increased since the positive 
term of ¢; is increased. Conversely, the re- 
ceiving end power factor is made more lead- 
ing or less lagging as the series capacitance 
is increased since the negative term or ¢; is 
increased. 

This analysis offers an explanation of the 
curves shown in Figure 8 of the text. Both 
resistance and distributed shunt capacitance 
tend to make the receiving end power factor 
more leading as the amount of series com- 
pensation is increased. However, in the 
case of the sending end power factor these 
effects are opposed. Therefore, for short 
lines where distributed capacitance is small, 
the resistance effect will cause the power 
factor to be less lagging as series compensa- 
tion is increased. In the case of long lines, 
the effects of distributed capacitance may 
outweigh the resistance effect and the power 
factor will become less leading as series com- 
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pensation is increased from zero. At high 
values of series compensation, the resistance 
effect will again become the determining 
factor causing the power factor to become 
more leading. This effect is shown in Fig- 
ure 8. 


Appendix Il. Comparison of - 
Capacitor Locations 


cas a 


Capacitor in center of line—Figure 15(A) 


A =(241?—1)+GA1X;' (13) 

B=j(2B\A,—A1*X,') (14) 
fom 

Capacitor current I, = cst (15) 


(2B, —jAiX¢') 
where 


s =sending end vector voltage 

E,;=receiving end vector voltage 

Line resistance =0 

A,, Bi, CG, D, represent magnitudes of the 
constants of one-half of line 

A, B, C, D represent over-all line constants 
including both line sections and series 
capacitor 


X,’=ohmic reactance of series capacitor 


Capacitor at sending end—Figure 15(B) 


A =(2A;?—1)+2CG,A1X¢") (16) 
B=j(2B,A,—(2A:?>—1)X-"] (17) 
Capacitor current J; = 

(2A,?—1)E;s—E, (18) 


j(2A1Bi —(2Ay?— 1)Xc] 
where 
X,” =ohmic reactance of series capacitor 


Capacitor at receiving end—Figure 15(C) © 


A=(2A,2—1) (19) 
B=j(2B,A;—(2A1?—1)X¢"] (20) 
Capacitor current X,= 

E;—(2A,2—1)E, (21) 


j(2A1B,—(2A,2—1) Xe} 


In order for power transfer of the line to be 
the same for each capacitor position, the B 
constants must be equal. ; 


2B,A,—A,2X, =2B,A,—(2A12—1)X,"” (22) 


or 


Ai? 
——— X,! (23) 


xX,’/= 
< OeaSy 
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Discussion 


R. M. Butler (General Electric Company, 
Schenectady, N. Y.): The authors have 
made a comprehensive study of the effects 
series capacitor compensation have on the 
power and reactive flow over transmission 
lines of various length. 

As emphasized by the authors, the effects 
on power and reactive flow caused by series 
capacitors are somewhat different from those 
caused by shunt capacitors. These effects of 
series capacitors are illustrated in the many 
_ curves shown in the paper. The authors have 
chosen to plot many of the curves (Figures 
6, 7, 8, and 11) in terms of various values 
of line operating angles. This is a con- 
venient way to show the effects of series 

compensation but it would seem that a 

clearer picture of the many effects of series 
compensation would be had if no reference 
had been made to line operating angle. 
This term is not normally used by the power 
system’s engineer since it has little physical 
- significance. 
familiar with the reactive and power flow 

conditions in a transmission system without 
knowing anything about the angular differ- 
ences between station busses in the system. 

Therefore, a clearer grasp of the effects of 

series compensation could be had if Figures 

6, 7, and 8 had been eliminated and replaced 
with curves similar to those of Figure 9 for 
different distances and values of compensa- 
tion. 

Several important facts should be men- 
tioned concerning Figure 11. 

Figure 11, although perfectly correct, may 
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50 miles 

£; = E2=1.0 per unit 

Base kva=5.0 kv? 

r/x=0.10, x =0.8 ohms per mile 

rge impedance loading =2.5 kv?=0.5 per unit 
P2=receiver power in per unit 

Pr=line losses in per unit 

%C=per cent series compensation 
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It is possible to be completely _ 


be misleading. It is seen in this figure that 
increasing compensation will cause reduced 
efficiency for a given operating angle. If 
Figure 11 had been plotted the way a power 
system’s engineer would more likely compre- 
hend, in terms of various receiver powers, 
it would be apparent that increasing the 
compensation would have very little effect 
on the losses for loadings up to the surge 
impedance loading (2.5 kv?) and at higher 
loadings the losses would actually decrease 
slightly with increasing compensation except 
at greater than 50 per cent compensation. 
At compensations greater than 50 per cent 
and these higher loadings, the losses would 
increase with increasing compensation. 
This may be seen in Table I of this dis- 
cussion. 

Conclusions (2) and (3) under Summary 
and Conclusions in the paper would have 
been worded differently if based upon com- 
parisons made for fixed receiver powers 
rather than fixed line operating angles. 

The paper, however, does show very 
clearly the gain made in power transfer ca- 
pability by increasing the line compensation. 
This is especially important when a line 
cannot be loaded up to its most economic 
loading point because of steady state sta- 
bility considerations. This is a field of 
application most favorable to series compen- 
sation. 

The authors might have stressed the fact 
that location of series capacitors at the 
center of the line would also be most desir- 
able from the standpoint of having to with- 
stand lower maximum and average fault 
currents at the center than at either end. 
The worst fault condition as seen by a capac- 
itor bank located at the center of the line 
would be a fault right at the terminals of 
the bank. This would generally be less 
severe than a fault condition near the bank 
when the bank was located at either end of 
the line. 


W. A. Morgan (Bureau of Reclamation, 
Denver, Colo.): The authors are to be con- 
gratulated upon a very worthwhile presenta- 
tion of the fundamental effects of series 
capacitors in high-voltage transmission lines. 
This subject is of particular interest to the 
Bureau of Reclamation at this time because 
we are studying the development of a new 
large high-voltage power system. In addi- 
tion to the determination of the nominal 
voltage for this system, we naturally are 
considering the effects of series capacitors. 
The series capacitor installations in Sweden 
have had satisfactory operating experience, 
and, with the installations presently being 
made in United States, it is necessary to 
carefully consider the economies of series 
capacitors in the design of any new trans- 
mission system. 

The examples that were given in the paper 
will be of value to us in explaining to others 
about series capacitors. I have reference 
here to the following sections in the paper: 
“Effect of Series Compensation on Line 
Constants,’ ‘Effects on Power Factor,” 
and ‘“‘Position of Series Capacitor in Trans- 
mission Lines.’’ While these relations and 
cases could be developed by the power sys- 
tem engineer, the availability of this analysis 
makes it necessary only to refer to this paper. 

We have not completed our studies, as 
yet. However, we can confirm at this time 
the importance of large conductor sizes for 
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series capacitor installations which was 
brought out in the paper. In the design of a 
new system, it is possible to select the 
proper size of conductor. However, where 
series capacitors are applied to an existing 
transmission system, it is quite possible that 
the conductors may be too small for the in- 
creased current flow the series capacitors 
make possible. It is suggested that this 
obstacle may be overcome by the installa- 
tion of a second conductor per phase to 
make a ‘‘duplex-conductor’’ arrangement. 
It is understood that this remedy has been 
utilized by Swedish engineers on their 230- 
kv system where increased power flows 
have revealed the inadequacy of some of the 
single conductor sizes previously in use. 

In our study, we have found difficulty 
with series capacitors in trying to keep the 
swing currents from causing the series capac- 
itor gaps to flash-over right when the series 
capacitor is desired most from a stability 
standpoint. To increase the size of the 
capacitors to oyercome this difficulty in- 
creases the cost. In view of other complica- 
tions with series capacitors such as relaying, 
we would be interested in other means of 
improving stability. Would the authors give 
us an example showing that intermediate 
synchronous condensers are not worth com- 
paring with series capacitors in their effect 
on power transfer ability? 


A. A. Johnson, J. E. Barkle, and D. J. 
Povejsil: The method of plotting receiver 
power and sending and receiving end power 
factors was chosen by the authors after con- 
siderable deliberation. The authors agree 
with Mr. Butler that line operating angle is 
a term seldom used in general conversation 
by operating engineers, but the term is 
nevertheless generally appreciated and 
understood. Line operating angle is not'a 
quantity which can be measured easily; 
however, in a basic discussion of the philos- 
ophy of long distance power transmission, 
line operating angle takes its place as the 
most important single factor—neglecting 
relaying and circuit breaker operating times 
—in the determination and improvement of 
power system stability. 

To illustrate this point, consider what 
generally happens when more power is trans- 
ferred over a line. First, the generator and 
transformer capacities are increased in about 
direct proportion to the desired increase in 
transferred power. Furthermore, the per- 
unit reactance of the added equipment will 
probably be comparable to the reactance of 
the existing equipment because the general 
practice in high-voltage transmission has 
been to install generators and transformers 
with the lowest reactance which could be 
justified economically. Therefore, the volt- 
age drop and the angular displacement of 
voltage across these elements remains es- 
sentially constant as transferred power in- 
creases. However, the line impedance re- 
mains the same if the same lines at the same 
voltage are used, which is customary. 
Therefore, the voltage drop and angular dis- 
placement across the line is increased as the 
transferred power is increased. Stated 
briefly, it may be said that the increase in 
the total operating angle between sending 
and receiving ends as transferred power is 
increased is almost entirely due to the in- 
creased line operating angle. Therefore, if 
the effect of series capacitors on the line 
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operating angle is known, their effect on the 
over-all system operating angle is also 
known, By plotting power versus line angle 
as was done in this paper, the results are 
made independent of terminal equipment. 

A second advantage of this method shows 
up in the application of series capacitors to 
divide load between lines which are bussed 
together. For this case, the two lines will 
obviously have the same operating angle. 
As an example, assume that it is desired to 
divide 800 megawatts between two 220 
kilovolt, 200-mile lines so that 66 per cent 
of the power flows over one line, Exami- 
nation of Figure 7(B) shows that a com- 


pensation of about 55 per cent will be re- 
quired and that the line operating angle will 
be 18 degrees. 

As a matter of general interest, the allow- 
able line operating angle for a system with 
typical terminal impedances is about 30 
degrees. This is based on transient and 
steady-state stability considerations. 

Mr. Morgan has mentioned that some of 
the benefits of series capacitors are mini- 
mized on certain systems by the fact that 
calculated swing currents may cause the 
capacitor gaps to flashover when they are 
needed most. This problem has been recog- 
nized and more data are needed to select gap 
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settings which will protect the capacit 
units as well as allow swing cufrents | 
flow without flashing over the gap. 

In regard to the matter of an intermedia‘ 
synchronous condenser, space does not pe 
mit a complete explanation. However, 
may be said that such a device cannot t 
justified economically for power increase 
of more than about 10 per cent. 

On the basis of field tests and preliminar 
analog computer studies, no serious diff 
culty is anticipated in the relaying, of line 
with series capacitors. However, mor 
complete information on this subject wi 
appear in the near future, 
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“BN THE discussion of electric traction 
| B distribution systems, it is necessary to 

consider the power flow from the source, 
through the a-c supply lines, the substa- 
tion with its current-limiting transformers 
and conversion equipment, and the d-c 
feeders to the load. Each segment of 
these circuits has some elements of re- 

sistance, capacitance, and inductance 
which, added together determine the 
magnitude and rate of rise of direct short- 
circuit currents (see Figure 1). 


While a companion paper,! Part II, is 
‘primarily on the isolation of d-c faults 
through the operation of the d-c reclosing 
feeder circuit interrupters and their asso- 
ciated relays, this present paper, Part I, 
considers the conversion apparatus and 
its operating characteristics. Such con- 
"version equipment may consist of motor- 
generator sets, synchronous converters, 
or rectifiers. The rectifier is being 
ae on practically all new installa- 

ons because of its higher operating 
ficiency and lower maintenance costs. 
‘he d-c regulation curves of these three 
pes are different, and this factor has a 
aring on the magnitude and rate of rise 
feeder short-circuit currents. Recti- 
have a no-load voltage rise which 
ight affect the reclosing calibration of 
eder circuit breakers. A ‘‘no-load”’ re- 
tor, of a value to take about 0.5 per 
nt of the rectifier full-load rating, keeps 
e voltage from going too high, and a 
tage regulator is used to maintain a de- 
voltage characteristic above this 
ad value. 


‘” 
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General Operating Conditions 


Feeder circuit breakers must be opera- 
tive even when the conversion units in a 
substation are out of service. This means 
that the bus voltage is determined by the 
feeder regulation from other substations. 
During heavy load conditions, when the 
feed through the d-c bus is most impor- 
tant, the voltage may be too low for proper 
feeder control operation. Such condi- 
tions make it desirable to employ a stor- 
age battery in the station for tripping and 
reclosing service. The feeder circuit 
breakers should be able to reclose success- 
fully even under conditions when the sta- 
tion bus is completely de-energized. 

Where more than one conversion unit 
is in a single substation, service continu- 
ity demands that troubles occurring on 
one unit do not take other units out of 
service. When rectifiers are used, arc- 
backs occasionally occur. With two 
rectifiers in parallel, it is practically im- 
possible to distinguish which rectifier has 
arc-backed by instantaneous relays 
located in the transformer primary-cur- 
rent transformer circuits, since they have 
about equal currents. With more than 
two units operating in parallel, current 
differentiation is practical but, since only 
two of the units may be used for certain 
load periods, it should never be applied. 
(With three units, there is about 20 per 
cent difference in primary current; 60 
per cent with four units; 90 per cent with 
five units; and 130 per cent for six units. ) 

Therefore, when applying rectifiers for 
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multiunit electric traction service, the 
overcurrent relays are set for faults within 
the transformer and not beyond. With 
two or more units operating in multiple, 
there always is an adequate, reliable 
source of reverse current to trip the 
cathode circuit breaker, which also elec- 
trically trips the a-c circuit breaker. 
When an arc-back fault occurs, both the 
a-c primary circuit breaker and the 
cathode circuit breaker must trip, as the 
arc-back represents a fault on both the a-c 
and the d-c systems. When an anode cir- 
cuit breaker is used, opening only the 
faulted anode pole will clear the fault 
from both systems. Adequate speed of 
clearing are-backs, and still not jeopardiz- 
ing tube life too much, calls for a maxi- 
mum of 0.133 second (8 cycles on a 60- 
cycle base) for the a-c circuit breaker- 
opening and 0.05 second (3 cycles) for the 
cathode circuit breaker. In large-unit in- 
stallations (2,000 kw and above) high- 
speed anode circuit breakers should be 
used to insure clearing the arc-back 
within one cycle for adequate tube and 
transformer protection. 

Even with multiunit substations, there 
are times when a single unit will be in 
operation with no assurance that an ade- 
quate value of reverse current is available 
for cathode circuit breaker tripping. 
Should an are-back occur under this con- 
dition, the tripping of the a-c and d-c 
circuit breakers would be delayed several 
cycles waiting for the time-delay over- 
current element to operate. Two meth- 
ods of protection for this condition are be- 
ing used. The first one is the use of the 
anode circuit breaker. The second is the 
application of a differential protective 
circuit which balances the incoming 
alternating current with the direct output 
current. Under normal conditions, the 
two values are balanced and no protec- 
tive relay operation results. As the arc- 
back occurs, the alternating current rises 
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Figure 1. Single-line diagram of a-c to d-c 


distribution system 


to some high level, such as eight times 
full-load current, while the direct cur- 
rent either goes to zero or reverses in the 
circuit. This results in destroying the 
circuit balance completely and operating 
a relay which trips both circuit breakers. 

As d-e feeders are used in practically 
every electric traction substation, it is 
imperative that no instantaneous trip be 
applied to the cathode circuit breaker. 
Otherwise, the cathode circuit breakers 
would trip on a near-by feeder short cir- 
cuit and woul dnot maintain normal serv- 
ice to the unaffected feeders. Backup 
protection in the form of a time-delay 
trip is at times used but, for the most part, 
the overcurrent trip is eliminated en- 
tirely from the cathode circuit breaker, 
leaving the backup function to the time- 
delay alternating overcurrent relays. 
Therefore, the cathode circuit breaker 
usually has its reverse current trip and a 
shunt trip for normal tripping, 


Mechanical Structures 


The d-ec cathode and feeder circuit 
breaker physical structures have changed 


greatly in recent years. The open-type 
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structures using insulated panel ma- 
terials such as marble, slate, and ebony- 
asbestos mounted on pipe or angle-iron 
supports have been superseded by all- 
steel structures with drawout trucks 
carrying the circuit breakers. 

Not too many years ago, design and 
operating engineers demanded as much 
separation between the positive and 
negative connections as it was physically 
possible to get. This was because of ex- 
perience with ionized gas, from faults and 
circuit breaker operations, spreading to 
points of opposite potentials 
and causing other short-circuits and 
spreading the damage. The techniques of 
handling ionized gas, whereby the arcing 
time (which enormously affects the 
volume of gas) has been reduced greatly 
and the gases controlled to the point 
where they can be directed to safe areas, 
have been developed to the point where 
the new constructions are much safer 
to personnel and equipment than the 
old. 


remote 


Most operating engineers of electric 
traction substations have learned to re- 
spect the damage that can be caused by 
d-c ares and ionized gases. D-c ares are 
much more prolific in gas production than 
a-cares. The a-c arc goes through zero 
twice per cycle and also has its potential 
reversed every half-cycle. The energy 
in the d-c are also is much higher than in 
an a-c are of equal current as the arc 
voltage of the alternating current is quite 
low while the direct current requires a 
higher arc voltage than service voltage in 
order to interrupt the circuit. 

As a circuit interrupter opens its con- 
tacts, the resulting arc should be inter- 
rupted quickly to reduce the volume of 
ionized gases. Within the are stream 
space, the transition from high conduc- 
tivity to high resistivity is very fast for an 
a-c arc as it goes through zero. With the 
d-c are, time is taken for the are voltage 
to increase to a greater value than the 
supply voltage and it must remain higher 
until the current goes to zero. In general, 
the higher the inductance of the circuit, 
the longer the arcing time. As long as the 
are exists, high temperatures cause the 
contact materials, such as carbon and 
copper vapors, to combine with the are 
stream, and these conducting vapor gases 
take an appreciable time to cool. In the 
older type of air circuit breaker, the hot 
gases cause restriking after extinguishing 
several times as the contacts separate. 
The deionizing of the are space would be 
much more rapid were these hot ma- 
terials not present. 

In air, there is a minimum breakdown 
voltage of about 300 volts, regardless of 


contact separation, but this does not hold 
when conductive vapors are present. 
Under such conditions, the breakdown 
voltage varies inversely with the density 
of such ionization and is independent of 
contact separation. 


Open Structure 


With open-type circuit intetrupters 
which have been used in d-c traction sys- 
tems for years, the gases were not con- 
trolled to any great extent. Insulating 
barriers sometimes were used to protect 
against direct contact. The rapidity of 
the dielectric recovery was slowed down 
by the inductance of the circuit and by 
the chemical composition of the gases. 
With the contact materials vaporizing, 
oxygen was diffused into the vapor, which 
caused a flame. Such flames can be ob- 
served rising in the air after the circuit is 
broken. They have a very low dielectric 
strength and can bridge any nearby 
points of opposite potential (see Figure 
Py. 

During recent years, a great deal of 
development work has been done not 
only to speed up the interruption, which 
greatly reduces the volume of gases, but 
to direct the flow of the gases to areas 
where they can do no harm to personnel 
or equipment (see Figure 3). 

A very successful method of speeding 
up the deionization process is the use of 
plates, which splits the arc into pieces of 
relatively short sections. By this process, 
many of the ions disappear by discharg- 
ing into the plates, and the space charges 
adjacent to the plates consume some of 
the impressed voltage, making each plate 
act somewhat like a cathode. With a 
large number of plates, but not enough 
materially to limit the area of the pas- 
sage the dielectric recovery time is re- 
duced. 


Figure 2. An uncontrolled 20,000-ampere 
750-volt 12.5 millihenry are 
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. Although the volume of ionized gas is 
essened by the use of this method, there 
\till is the problem of handling the gases 
which are formed so that no.damage will 
vesult. One method is to direct the gases 
through an insulated stack or chimney 
which carries them to the outside atmos- 
ohere. Thus, the conducting vapor is 
Ete from any live parts within the 
structure and is permitted to cool before 
it can reach any point of opposite polar- 
ty (see Figures 4-6). 

Grounding D-C Structures 


Experience gained many years ago on 
600-volt traction systems, in which one 
side of the electric circuit was grounded, 
caused design engineers to install all sur- 
rounding structures so that they are in- 
sulated from ground. On open panels, 
the boards were set on wood sills and the 
wall braces insulated from the wall. 
Where modern structures completely 
surround the d-c circuit breakers, bus, 
and associated equipment, it is of even 
more importance that this structure be 
insulated from ground such as is pro- 
vided by the floor with its imbedded 
building steel. This is conveniently done 
by the use of a suitable floor covering of 
high dielectric linoleum. 

Safety codes provide that the metal 
structures be grounded to drain off any 
static charges. This is accomplished by 
means of a ground protective relay with 
its coil connected between the steel struc- 
ture and the station ground. Only one 
telay per station is required, as the circuit 
breaker structures are all tied together 
with a “ground bus.” 

There is a diversity of opinion on the 
application of the ground relay. Some 


believe it should have a series coil of very 


Figure 3. A controlled arc under same con- 
dition as Figure 2 
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Figure 4. Front and 
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low resistance, while others believe that it 
should have a high-resistance operating 
coil. The authors of this paper belong to 
the latter school of thought for reasons 
expressed here. 

Practically all faults within modern 
cubicles will be caused accidentally and 
may be caused by maintenance men 
working on equipment while it is ener- 
gized. Should an accidental short circuit 
occur, the low-resistance ground relay 
coil would permit large currents to flow. 
This would form ionized gases, which 
would spread quickly to all points within 
the structure. The maintenance man is 
exposed to two dangerous elements. The 
first is the flame, which may blind him 
temporarily and possibly set his clothes 
afire. The other is the voltage to which 
his body is exposed should he bridge the 
structure to a grounded part such as a 
steel conduit. With a heavy current 
flowing, the system regulation will drop 
the d-c bus voltage—possibly to the order 
of 350-400 volts on a 600-volt traction 
system—but practically all of this drop 
would be on the ground bus between the 
structure and ground resulting in the 
structure being raised almost that amount 
above ground.| The resistance of a d-c 
are varies with the current and the length 
of the are. For currents of large magni- 
tude (above 20,000 amperes), the voltage 
drop is approximately 30 volts per inch 
in the arc. When a high-resistance relay 
is used, the fault current is limited to 
milliamperes where very little or no are 
will result. There will be practically no 
hot gases formed to spread damage, no 
blinding flash, and no arc damage to the 
maintenance man who may have caused 
the fault. He would be subjected to a 
higher value of direct voltage if he hap- 
pened to be bridging the gap between the 
structure and ground. There would be 
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but small difference in the effect of the 
electric shock on the man in being ex- 
posed to 350 volts in one case or 600 volts 
in the other for the three to eight cycles 
taken to trip the circuit breakers and de- 
energize the fault circuit. Therefore, 
taking all factors into consideration, it 
is our firm belief that a high-resistance 
ground fault protective relay should be 
used rather than one of low resistance. 

With trolley coach operation, the prac- 
tice of grounding varies throughout the 
country. Some systems operate un- 
grounded, some with but a single system 
ground, and others with many grounds. 
Even on ungrounded systems, it is rec- 
ommended that the foregoing structure 
insulation and _ high-resistance relay 
grounding be used, as grounds can occur 
on such a widespread system without 
sounding an alarm. Ground detection 
schemes covering the whole d-c distribu- 
tion systems are difficult to apply. 

A ground relay alarm system is ad- 
visable constantly to supervise the con- 
tinuity and workability of the scheme. 
One method now in use utilizes a separate 
alternating current source through an in- 
sulating transformer and rectified to 
direct current. The direct current oper- 
ates through a Wheatstone bridge circuit 
to measure the resistance of the ground 
relay circuit. The alarm relay is set so 
that the normal current of the measuring 
circuit keeps the moving contact between 
two stationary contacts. Should the 
ground relay coil be accidentally short- 
circuited, the current in the measuring 
circuit increases to sound the alarm. 
Should the ground relay coil become 
open-circuited or the source of alternating 
current disappear, the measuring relay 
would get less current, which also sounds 
the alarm. This is shown schematically 
in Figure 7. 
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Synchronous Converters 


The synchronous converter is some- 
what similar to the rectifier in that it 
electrically connects the alternating cur- 
rent to the d-c system. Should the 
alternating supply voltage vary, the 
direct voltage would follow unless a regu- 
lator were used. The converter em- 
ploys a series field winding with adjust- 
able shunting resistor to obtain a desired 
voltage characteristic. With a rectifier, a 
compensated voltage regulator is used for 
this purpose. Converters and rectifiers 
can be and have been operated success- 
fully in parallel where identical voltage 
characteristics apply. 

The operating hazards of synchronous 
converters are connected chiefly with 
“flashovers.”’ Flashovers are caused 
mainly by d-c feeder short circuits unless 
the a-c supply becomes unstable. The con- 
verter being a synchronous machine, the 
rotor drops back in phase position as the 
load increases—say about eight electrical 
degrees at full load. Short-circuit cur- 
rents make the armature drop back in 
phase position in proportion to its mag- 
nitude. Because of the ratio of induct- 
ance to resistance (the time constant) of 
the circuit, the rate of rise on traction 
system current is relatively slow. The 
magnetic fields of the converter have 
time to be controlled by the commutating 
and compensating field windings, so that 
if the voltage between commutator bars 
is short-circuited by the brushes, the 
current which is circulated is not too 
large to be commutated successfully. The 
feeder circuit breaker detects the fault 
and opens, but, being relatively slow, 
opens after the fault current has reached 
its maximum value. The sudden inter- 
ruption of the fault current releases the 
armature of the great proportion of its 
load and it quickly changes its phase 
position to correspond. This action is 
so fast that there is considerable field flux 
displacement, which creates a high volt- 
age between the commutator bars being 
short-circuited by the brushes. Large 
circulating currents in this path cause the 
brushes to leave the commutator. and 
draw an arc. Again, this arc creates 
ionized gases which can be swept by 
windage to reach the opposite polarity 
brush arm or the frame of the converter, 
causing a short circuit of ‘flashover.”’ 
Flash barriers between the brush arms, if 
properly designed, can aid in directing 
the hot gases away from the next ad- 
jacent brush arm. Here again, ifa ground 
detecting relay is used with its coil con- 
nected between the machine frame and 
ground, a high-resistance coil is recom- 
mended. 
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Figure 5. 8,000-, 

4,000-, and 2,000- 

ampere truck- 

mounted d-c inter- 

rupters withdrawn 
from cells 


It is important that the first feeder tap 
to the trolley be made at a distance suf- 
ficient to limit the short-circuit currents 
to a value which will not cause flashing or 
possibly permit the converter to “‘slip a 
pole.”’ 

One method of eliminating flashover 
caused by d-c feeder short circuits is the 
use of a high-speed circuit breaker with a 
shunting resistance which has a value 
sufficient to limit the converter output to 
approximately three times full-load cur- 
rent. The high-speed circuit breaker, 
which can limit the current rise in ap- 
proximately one-half cycle, is fast enough 
on traction applications to keep the cur- 
rent within the commutating capacity of 
the machine. The feeder circuit breaker 
then may open and the three-times- 
normal load may be dropped without 
“flashing the commutator.’”’ As soon as 
the current drops to a normal value, the 
high-speed circuit breaker recloses to re- 
store normal voltage on the bus and the 
unfaulted feeder circuits. The use of 
the high-speed circuit breaker reduces 
the duty on the feeder circuit breakers. 

Another method which has been used 
on traction systems, but not to as great an 
extent, is the use of high-speed circuit 
breakers as feeder circuit breakers. The 
circuit breaker limits the current rise and 
opens the circuit so rapidly that the arma- 
ture does not have time to assume a bad 
phase-angle position. High-speed circuit 
breakers have, inherently, a rate-of-rise 
tripping characteristic which may be 
valuable in discriminating between nor- 
mal loads and short circuits. Other flash- 
eliminating schemes have been used, but 
have proved too expensive for popular 
application. 


Motor-Generator Sets 


Because of their lower efficiency, 
motor-generator sets are not widely used 
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in traction substations. They do -n« 
readily operate ‘successfully in parall 
with converters or rectifiers, since the a 
and d-c systems are electrically separate: 


Power is transmitted - mechanical 
through the shaft. If the alternatir 
voltage varies up or down, the direct ow 
put voltage of the generator remains u1 
changed. On the other hand, should th 
system frequency change, the mot 
speed would follow and would result in 
change of direct voltage. It is therefor 
important to recognize that regulatin 
equipment again is necessary to perm 
the parallel operation of motor-generat« 
sets, synchronous converters, and rect 
fiers within the same substation. D- 
generators are much less likely to flash 
over than converters. However, if tt 
current gets high enough, the brushes wi 
leave the commutator and will start a 
are with similar disastrous effects. 


Types of Feeders—Definitions 


The d-c distribution system starts wit 
the substation bus and extends to the r 
mote ends of the feeders. In general, tl 
ideal feeder circuit breaker will remai 
closed under all conditions of legitima: 
load and trip when a fault occurs even ¢ 
the most remote point. 

Two general types of feeders must t 
considered, although the methods « 
tripping and reclosing may be identica 
The simpler type, known asa stub (radia 
feeder, is defined as one which connects 
load with its only source of power. Tl 
other type, known as a multiple feeder, 
defined as one which is connected to 
common load in multiple with one « 
more feeders from independent source 
The combination of these two is the usu: 
type applied in transportation servic 
since operating setups may require th 
circuit breaker to operate under bot 
conditions. Tie-feeders, which tie tv 
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substations together with no trolley con- 


nection, and parallel feeders, which 
parallel circuit breakers from the same 
source, are rarely used in transportation 
service. Sectionalizing circuit breakers, 
while part of the distribution system, are 
not considered feeder circuit breakers. 


Feeder Circuit-Breaker Tripping 


Two general types of feeder circuit- 
breaker tripping systems are used in trac- 
tion service; the overcurrent system and 
the rate-of-rise system. 

A device designed to trip as rapidly as 
possible on a set value of current is termed 
“instantaneous” overcurrent. Limita- 
tions of the instantaneous device are over- 
come to some extent by inclusion of a time 
delay that is an inverse function of cur- 
tent magnitude, whereby the device is 
termed “inverse overcurrent.’’ Either or 
both of these devices may be built into 
the circuit breaker, the oldest and sim- 
plest circuit breakers having used instan- 
taneous devices in this manner. Or the 
same functions may be provided by over- 
current relays arranged to trip the cir- 
cuit breaker through a shunt-trip coil. 

Current-rate-of-rise tripping devices, 
either built into the circuit breakers or 
employing relays and shunt-trip coils, 
have had increasing use on d-c feeders 
during the past thirty years. 

In addition to the two foregoing types, 
a limited use has been made of under- 
voltage tripping, which uses excessively 
low voltage as a criterion of short circuit. 
Because operation may require that cir- 


1951, Vo_ume 70 


Figure 6. View of 

cell with truck re- 

moved showing 

automatic shutters 

covering main con- 
tacts 


cuit breakers remain closed under low 
voltage conditions, such as might occur 
on a d-c bus with all conversion apparatus 
out of service, the use of undervoltage re- 
lease is not recommended for tripping 
feeder circuit breakers. 

Evaluation of the fields of application 
and the limitations of the various tripping 
devices requires a review of the desired 
performance of such devices and the 
manner in which this performance is af- 
fected by characteristics of the feeder sys- 
tems and the load. 


Sectionalizing Circuit Breakers 


Sectionalizing circuit breakers are used 
to improve traction service. They serve 
two general purposes. First, they may be 
used to sectionalize long feeders where 
the overcurrent tripping relay may be set 
down to a value below the short-circuit 
current at the end of the feeder. This 
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feature reduces the need for discriminat- 
ing tripping at the substations in locations 
where it may be applied. The second use 
is to isolate branch lines so that troubles 
there may be disconnected, permitting 
normal service on the rest of the system. 

Sectionalizers are of the automatic re- 
closing type which reclose after the short 
circuit clears. 


Reclosing the Feeder 


After the feeder circuit breaker has been 
opened to free the system of a fault, the 
next problem is to reclose it safely as soon 
as the fault disappears. With manual 
operation, the old trial-and-error method 
of testing the circuit by reclosing the cir- 
cuit manually after a definite time is still 
used in many places. This practice puts 
unnecessary strain on the equipment and 
should be avoided. In unattended sta- 
tions, the circuit is tested by a relatively 
small test current which, operating 
through relays, recloses the circuit breaker 
only after the fault has cleared. The 
value of test current is too low to cause 
annealing of copper in the contact wire 
circuit. 

To give a reliable indication of the load 
which will be picked up as a feeder circuit 
breaker recloses, the normal relaying 
scheme in use today is quite adequate. 
As it is a collection of devices simply to 
measure the resistance or voltage of the 
individual feeder, it can perform its duties 
quite accurately. There is one hazard 
that must not be overlooked. That con- 
cerns a feeder such as is used to feed a 
storage yard circuit when a large per- 
centage of the load is streetcar and coach 
lighting. Modern lamps, when cold, re- 
duce their resistivity to about 10 per cent 
of their hot value. The reclosing value 
must be set for a lower value or some time- 
delay must be used to delay tripping for 
the few cycles it takes to heat the lamp 
filaments and raise their resistance to 
their normal value. 


GROUND BUS 


0.C. 
STRUCTURE 


= GROUND 
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For a stub feeder, the reclosing scheme 
could be much simpler than for a multiple 
type. In fact, the first reclosing equip- 
ment devised was applied to a stub 
feeder and was a simple divided circuit. 
The safe resistance of a feeder circuit for 
reclosing should be slightly more than 
will permit full load to be picked up. 
Thus, for a 2,000-ampere feeder, the re- 
closing equipment might be safely set for 
1,800 amperes or less. In a substation 
with a normal bus voltage of 600 volts, 
tite feeder circuit would have a resistance 
value of 0.33 ohm. With the feeder cir- 
cuit breaker open and a solid short cir- 
cuit on the feeder, the resistance of the 
feeder circuit would be low compared 
with 0.33 ohm. Should a relatively high 
resistance, say 100 ohms, be so connected 
that one end of the resistor is attached to 
the bus while the other end divides—one 
portion leading to the load side of the cir- 
cuit breaker and the other going through 
a low-resistance relay coil to the negative 
bus—a very simple reclosing scheme could 
be provided. The coil and feeder resist- 
ances are so low that, regardless of the 
feeder resistance value, the current 
through the resistor would be six 
amperes. This measuring current would 
divide into the two branches in inverse 
proportion to the resistance of the two 
branches. Under the short-circuit con- 
dition, most of the six amperes would feed 
the fault and very little would traverse 
the relay coil. When the feeder circuit 
increases its resistance to 0.33 ohm 
half of the current would be in each 
leg of the divided circuit. Should the 
relay be calibrated to operate on three 
amperes, its contacts could reclose the 
circuit breaker, which could pick up 1,800 
amperes as it closes. 

This simple circuit cannot be used on 
traction systems where voltage may be 
applied from the load side. Should 600 
volts be applied to a coil of such small 
resistance, damaging currents would ruin 
the relay. 

For multiple feeders, the reclosing cir- 
cuitry is more complicated and is ar- 
ranged so that the relays cannot be 

,damaged if the remote feeder circuit 
breaker should close. In one form, a 
Wheatstone bridge circuit is used to in- 
dicate when it is safe to reclose the feeder 
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circuit breaker. Also, the equipments 
usually are arranged so that proper re- 
closing conditions can be measured in 
either direction. The sequence of opera- 
tion after the circuit breaker is tripped is 
usually 


1. A timing relay set for about ten seconds 
is operated to prevent regenerated voltages 
from any rolling stock giving false indica- 
tions of circuit conditions. 


2. At the end of the timing period, the 
voltage relays have determined in which 
direction (toward or from the bus) the 
measuring circuit will be connected, and 
other relays connect it in the circuit. 


8. The reclosing relay makes contact to 
reclose the circuit breaker as soon as the 
feeder short circuit clears. 


Lightning Arresters for Overhead 
Feeders 


Since the aerial feeders and trolley 
systems are exposed to lightning, some 
form of lightning protection is advisable. 
Suitable d-c lightning arresters should be 
installed at the point where the feeder 
leaves the building. If underground, they 
should be installed where the cables 
emerge from the conduits. Voltage rat- 
ings of the lightning arresters must not be 
too low as, particularly with third-rail 
circuits, a great deal of energy can be 
storedin them. Voltages as high as 2,400 
volts have been measured on 600-volt 
circuits. When lightning arresters are 
mounted in the substation, they should 
not be housed within the d-c cubicles. 
High alternating voltage service wires 
sometimes come in contact with the 600- 
volt distribution cables and wires, causing 
the d-c lightning arresters to fail. Here 
again, this type of failure can cause large 
volumes of ionized gas to form. There- 
fore, the lightning arresters should be 


mounted with a great deal of open space 
around them. 


Supervisory Control of Feeders 


When supervisory control is used to 
superintend the operation of traction 
substations, the control of the feeder cir- 
cuit breakers usually is such that the 
automatic features of tripping and re- 
closing are retained. When the operator 
trips a feeder circuit breaker from the 
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dispatching office, the circuit breaker not 
only is opened by the operation of the 
shunt-trip mechanism, but the reclosing 
circuitry is also de-energized so that it 
will make no attempt to reclose. When 
the dispatcher sends the closing code 
through to the substation, the circuit 
breaker usually is not closed directly, but 
simply unlocks the reclosing circuits 
which take over to close the breaker only 
if the line characteristics are satisfactory. 


Reference 


1. D-C Powsr Supplies AND ISOLATION OF 
FAULTS ON ELECTRIC TRANSIT SYSTEMS—ISOLATION 
or D-C Fautts, Part II, S, S. Watkins, M. E. 
Reagan. AJEE Transactions, volume 70, part I, 
1951, pages 543-50. 


Discussion 


H. F. Brown (New York, New Haven and 
Hartford Railroad, New Haven, Conn.): 
The 2-part paper by Messrs. Watkins and 
Reagan is a valuable addition to the tech- 
nical literature associated with railway elec- 
trification. 

As electric train loads have increased, 
especially on the older low-voltage electri- 
fied systems, it has become increasingly 
difficult to distinguish between train loads 
and short circuits. The simple overcurrent 
relays or tripping devices used in the early 
days of electric traction now no longer apply 
to this type of service. Even on the higher 
voltage systems (3,000 volts direct current) 
the greater distance between substations 
permitted by the higher voltage, together 
with the increased resistance of the feeder 
circuits, presents the same problem in dis- 
tinguishing between train loads and faults. 

On the 11-kvy a-c traction systems, espe- 
cially those systems which consist of multi- 
track networks with a large number of cir- 
cuits in parallel, it is still possible to use the 
simple overcurrent relays to clear faults in 
many cases, although here again the longer 
distance between sectionalizing and switch- 
ing stations may cause the same difficulty in 
discriminating between heavy train loads 
and short circuits on long feeders. 

The first part of this paper is an excellent 
outline of the latest thoughts in substation 
design, especially in connection with switch- 
ing and protective equipment for traction 
power supply on grounded systems. The 
second part of the paper is an equally valu- 
able analysis of the modern methods for dis- 
criminating between heavy loads and faults, 
together with the methods of clearing, with 
minimum interruption to service, faults 
from the system. The authors are to be 
congratulated on their valuable contribu- 
tion to technical literature on this subject. 
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Faults on Electric Transit Systems— 
Part Il 
Isolation of D-C Faults 
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HIS paper, Part II, is a continuation 

of Part I, “D-C Power Supply,”! 
which covered conversion apparatus and 
circuit breakers. The present paper, 
Part II, deals with the problems of 
selective isolation of faults on the d-c 
distribution systems and with automatic 
devices for selective tripping. 


Fundamentals of Selective Tripping 


Tripping devices for d-c feeder circuit 
breakers must satisfy the following funda- 
mental requirements: 


1. Prompt isolation of the faulted section 
on occurrence of each short circuit. 
2. Nontripping on load current. 


8. Noninterruption of current in unfaulted 
sections. 


Critical short-circuit cases for trip- 
ping-device performance are illustrated 
in Figure 1, which is a 1-line diagram of a 
typical section of contact system sup- 
plied by a substation at each end. Each 
line between substations represents the 
positive trolley or third rail in the case of 
rail transit system, or the positive and 
negative trolleys in the case of a trolley 
coach system. 

If a short circuit occurs on any trolley 
close to Substation 2, the fault currents 
through circuit breakers A and D at Sub- 
station 1 are equal, and no discrimination 
is possible at Substation 1 until the Sub- 
station 2 circuit breaker feeding the 
fault has opened. To avoid interruption 
of current on unfaulted sections, the 
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tripping action must be sequential, with 
the tripping devices of circuit breakers 
distant from the fault delayed sufficiently 
to permit prior tripping of the near-by 
circuit breaker, such as circuit breaker C 
in Figure 1. 


Instantaneous Overcurrent Tripping 


For near-by faults instantaneous over- 
current tripping is the ideal protection. 
Short circuits may be interrupted by 
various available devices within the fol- 
lowing approximate times: 


High-speed circuit breaker with 
built-in overcurrent device, seconds 
Medium-speed circuit breaker with 
built-in overcurrent device, seconds 
High-speed relay energizing shunt- 
trip coil on circuit breaker, seconds 


0.02 
0.07 
0.08 


Limitation of damage to apparatus and 
circuits and avoidance of hazard to 
persons dictate that maximum possible 
use be made of instantaneous overcurrent 
tripping. A short circuit at the substa- 
tion d-e bus can have values ranging 
from twice to ten times the maximum 
load swing, depending on the charac- 
teristics of the system of power supply and 
distribution. But as the position of the 
short circuit is moved away from the 
substation, the resistance of the contact 
and feeder system rapidly reduces mag- 
nitude of the fault current. The follow- 
ing figures for a particular substation and 
feeder circuit are taken from a recent 
study on a system using multiple-unit 
trains on heavy suburban traffic: 
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D-c bus voltage, approx. 706 


Distance to next substation, miles 74.11 
Instantaneous overcurrent setting 

of feeder circuit breaker, amperes 10,000 
Short circuit at d-c bus, amperes 45,000 
Short circuit distant about 11/2 

miles, amperes 10,000 
Short circuit at end of 2.1-mile 

section, amperes 7,350 


These figures show that in the sample 
case used for illustration, the advantages 
of instantaneous overcurrent protection 
extend a mile and a half from the sub- 
station, or about 70 per cent of the section 
length. Similar figures should be cal- 
culated for every d-c transit or railway 
feeder. The extent of the zone of instan- 
taneous overcurrent tripping is an im-~- 
portant criterion of the protection af- 
forded. 


Minimum Short Circuit and 
Maximum Load Currents 


The critical test of any system of selec- 
tive tripping is its ability to trip on short- 
circuit currents of minimum value and 
also to avoid tripping on maximum load 
swings. This critical requirement may 
be illustrated by considering circuit 
breaker A in Figure 1 when a minimum 
short circuit occurs at the far end of the 
section at C. The value of the minimum 
short-circuit current is determined mainly 
by the resistance of the circuit from A to 
the end of the section at C and return by 
running rails or by negative trolley. 
Satisfaction of the dual requirements of 
isolation of all short circuits and non- 
tripping on load depends upon the ratio 
of minimum short-circuit current te 
maximum load current, a ratio that is 
related closely to the voltage drop for 
which the feeder and contact system is 
designed. This relation may be ex- 
pressed mathematically for an idealized 
case in which, for purposes of voltage- 
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drop design, the average load of a rush- 
hour period is taken as uniformly dis- 
tributed over a trolley section between 
two substations with equal d-c bus volt- 
ages. The relation is as follows: 


Ise=11,+ (4D) (1) 


Again referring to Figure 1, the symbols 
have meanings as follows: 


Igc=short-circuit amperes through circuit 
breaker A for short circuit at end of 
section at C, neglecting any parallel 
load current at time of short circuit 

I;,=\oad amperes through circuit breaker A 
wnder assumption of average load 
uniformly distributed between A and 
Gi 

D=per cent voltage drop expressed as a 
decimal, from d-c bus at A to section 
midpoint at B, while carrying load 
In 

R=resistance in ohms of one loop circuit, 
substation to midpoint and return 

#=direct volts at substation bus 


Equation 1 is expressed graphically in 
Figure 2, where an average drop of 8 per 
cent is seen to pennit a ratio of minimum 
short circuit to average load of 3-to-l. 
However, the actual margins available 
for satisfactory performance of tripping 
devices are considerably less than indi- 
cated by Figure 2, for the following 
reasons: 


1. Tripping devices must be set to carry 
maximum loads, not average loads. 


2. Tripping devices must have some mar- 
gin under calculated minimum short cir- 
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Figure 1 (left). 

Typical feeder 

circuit layout be- 

tween two sub- 
i stations 


CIRCUIT 


PRIMARY 
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LI BREAKER 


Figure 3 (right). 
Diagram of con- 
nections for the 
S- and D-type 
short - circuit- 
detecting relays 
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cuits to allow for resistance in the fault, 
error in performance of device, and error in 
calculated data. 


The equation and graph are given to em- 
phasize the effect of excessive voltage 
drop. They have value as a starting 
point in preliminary feeder design. 

However, each specific application 
must be studied carefully and the short- 
circuit currents and loads calculated for 
the actual operating conditions. Concen- 
tration of load in large units such as trains 
of multiple-unit cars in interurban service 
will cause load swings that are several 
times the average load. A transit system 
using a large number of small units, such 
as trolley coaches on close headway, may 
approach the uniformly distributed load 
which was a basis of idealized mathemat- 
ical treatment. But even here the trip- 
ping devices must carry maximum loads 
in excess of the average loads. 


Trolley Coach Systems 


A hypothetical trolley coach system 
has been studied for the relation between 
maximum load and minimum short-cir- 
cuit values. The assumed data are as 
follows: 


Schedule speed, miles per hour 16.8 


(0.28 mile per minute) 
Stops per mile 6 


Figure 2. Curve showing ratio of minimum short circuit to average load 


current for various voltage drops 
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Length of stop, seconds 

Headway, minutes 

Average distance between coaches, 
miles 

Distance between substations, miles 

Average number of coaches on section 

Duration of cycle, including ac- 
celeration, running, braking, and 
5-second stop, seconds 35 

Average current during cycle, am- 


on 


peres 140 
Highest 5-second average during 

cycle of one coach, amperes 260 
Substation d-e bus voltage 600 


If the foregoing system were designed 


to permit a drop of 8 per cent from sub-— 


station bus to midpoint between substa- 
tions for the average load, the following 
values would result: 


Loop resistance from circuit breaker 


A to end of section at C, ohms 0.456 
Current through circuit breaker A to 

short circuit at C, amperes 1815 
Average load current through circuit 

breaker A, amperes 420 
Ratio of minimum short-circuit cur- 

rent to average load current 3.138 


Although the average load current 
through circuit breaker A (Figure 1) is 
420 amperes during the rush-hour period, 
the circuit breaker must carry consider- 
ably higher currents for several seconds at 
least. Change of traffic lights would 


Figure 4. Curves showing rise of primary 
current and both measured and calculated 
secondary current 
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| cause most or all of the six coaches on the 
| section to start within a few seconds. 
Bunching in traffic could increase the 
number of coaches to more than the 
| average six per section. Current swings 
of 1,000 amperes lasting several seconds 
might be expected frequently, with occa- 
sional swings to 1,300 amperes, approxi- 
mately equal to minimum short-circuit 
i) current. 
| Under these conditions, any tripping 
| 


device depending on current magnitude 

alone would cause undesirable tripping 

on load swings if it were adjusted to pro- 
tect the section against short circuits. If 
_ the system were designed for greater volt- 
_ age drop than the assumed 8 per cent, 
_ the short-circuit protection would become 
Still more unsatisfactory if based on cur- 
ia rent magnitude alone. 
ie 


_ Heavy Third-Rail Service 


Multiple-unit trains greatly increase’ 


| 

the problem of feeder protection, es- 
t pecially on interurban systems with 
| great concentration of load in single 
trains. This is illustrated strikingly on 
_ the electrified zone of the Long Island 
Rail Road, a third-rail system now oper- 
' ating at about 700 volts on substation 
busses. 

Since the original operation in 1905, the 
increase of load has been great, from time 
to time requiring the installation of ad- 
ditional substations to carry the in- 
creased load and to keep voltage drops 
within limits. A recent program of im- 
provements added a considerable number 
of rectifier substations, generally at inter- 
mediate locations, so as to reduce the 
spacing between substations. During 
this program the problems of feeder pro- 
tection received intensive study. Trains 
consist of as many as eight motor cars 
and four trailers. Feeder circuit break- 
ers, in use before the improvements, had 
overcurrent tripping devices generally set 
to trip at 10,000 amperes. Operating ex- 
perience had shown these settings to be 
necessary for carrying the load without 
frequent tripping on load swings. The 
necessity of these high settings resulted 


oe 


Fo ema ar 


largely from the high values of accelera- 
tion currents of single trains. Figures on 
a test train showed an initial current rush 
of 4,300 amperes on the first notch and a 
rise to 9,000 amperes during the accelerat- 
ing period. 

Weights of rail vary, with 150-pound 
third rail and 112-pound and 100-pound 
running rail predominating. Section 
lengths from substation to substation 
range from less than one mile to more 
than four miles. Minimum short circuits 
were calculated over a considerable part 
of the electrified zone. The difficulty of 
feeder protection is illustrated by the 
representative-values shown-in Table 1. 
Of the selected sections, only the Hillside- 
St. Albans section could be protected to 
the end of the section by an overcurrent 
tripping device set for 10,000 amperes. 
Even this one might fail occasionally, as 
15 per cent margin is quite inadequate to 
cover inaccuracies of tripping devices 
and allow for resistance in the fault. The 
other sections, which are representative 
of the greater part of the zone that was 
studied, definitely could not be protected 
to the ends of the sections by the 10,000- 
ampere overcurrent setting. 

Thus it is apparent that no system d-c 
traction feeders, either for the light coach 
service or for heavy multiple-car, inter- 
urban trains, may be certainly and com- 
pletely protected by d-c overcurrent relay 
devices alone. 


Application Field of Overcurrent 
Tripping 


Instantaneous overcurrent tripping is 
the ideal protection against short circuits 
close to the substation and as far away as 
load and selectivity permit. For the short 
circuits of smaller value near the next 
substation, selectivity on parallel sections 
requires sequential tripping, and over- 
current devices must be supplemented 
with time delay. A combination of in- 
stantaneous and time-delay overcurrent 
tripping may give satisfactory protection 
where the ratio of minimum short cir- 
cuit to maximum load current is high. 
The time delay must be co-ordinated 
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carefully with the duration of the load 
swings. As the ratio of short circuit to 
load falls toward unity and below, over- 
current tripping entails one or more of the 
following compromises: 


1. Occasional trippings on load must be 
accepted. 


2. Time-delay settings must be so great as 
to permit damage from prolonged arcing on 
distant short circuits. 


3. Current settings must be made so high 
that automatic tripping on distant short 
circuits is abandoned. 


Tripping Devices Utilizing Current 
Rate-of-Rise 


The limitations of overcurrent devices 
under the lodd and short-circuit condi- 
tions described in previous paragraphs 
have led to the development of a number 
of tripping devices that utilize current 
rate-of-rise as the criterion for distinguish- 
ing between short circuits and loads. Be- 
fore proceeding to the particular device 
to be described in this paper, the follow- 
ing characteristics and limitations com- 
mon to all current rate-of-rise devices 
should be noted. 


1. Short circuits on the contact and feeder 
circuits of d-c transit systems rise to nearly 
the sustained value in a fraction of a second. 
Therefore rate-of-rise devices readily dis- 
tinguish between short circuits and loads 
which may be greater than the minimum 
short circuits, so long as-the loads are con- 
stant or change at relatively low rates. 


2. A-rate-of-rise tripping device protects 
against short circuits, but not against sus- 
tained overloads. The latter must be pro- 
tected against by other devices, such as 
thermal devices on the cables or long-time 
direct overcurrent relays set on an operating 
value below the minimum short-circuit 
current. 


83. Since rate-of-rise devices fundamen- 
tally depend on voltage generated by change 
of current, they will respond to sudden de- 
crease of current such as occurs on opening 
of a circuit breaker under heavy load or 
fault, unless the device is suitably polarized. 
Tripping should occur only on increase of 
outgoing current. 

4, Acceleration of transit equipment also 
causes sudden increase of current, tending 
to catise operation of rate-of-rise tripping 
devices. Each application must be ex- 
amined for co-ordination between short- 
circuit protection and acceleration-current 
inrushes. 


The D-C Short-Circuit Detector 


About 28 years ago, the principle of 
current rate-of-rise was applied to the 
tripping device that is shown in wiring 
diagram form in Figure 3. This device, 
called the ‘‘short-circuit detector” for the 
purposes of this paper, consists of am im- 
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SECONDARY - CIRCUIT TOTAL 
RESISTANCE = 


yn uw FH wHN wo oO 
0-2 DEFLECTION- SCALE DIVISIONS 


Figure 5. Curves of D-relay deflections with various values of secondary 


circuit resistance 


pulse coil in the primary circuit, with two 
d-c relays, the type D and the type S 
connected in series in the impulse coil 
secondary circuit. Relay contacts are 
connected to energize a shunt-trip coil on 
the feeder circuit breaker. The construc- 
tion of the impulse coil is similar to that 
of a window-type a-c transformer with air 
gaps. The feeder circuit that is to be 
protected is carried through the window, 
so that it constitutes the 1-turn primary 
circuit of the impulse coil. 

While primary current through the 
impulse coil is increasing or decreasing, 
direct current is induced in the second- 
ary circuit through the relays. The re- 
lays are polarized and are connected so as 
to close contacts when the secondary cur- 
rent is in the direction caused by increase 
ef outgoing primary current. So long as 
the primary current is constant, no matter 
how large, no current is induced in the 
secondary circuit. 


Prediction of Performance 


D-c short-circuit detectors, operating 
on the principles just described, have 
been applied to the protection of d-c rail- 
way and transit feeder circuits over a 
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Figure 6. Curves of D-relay deflections with 
various secondary circuit resistance and time 
constants 
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period of 28 years. Superiority of this 
protection over devices depending on 
overcurrent alone has been demonstrated 
by staged short-circuit and load tests 
and has been proved by operating ex- 
perience. 

However, both the application and 
adjustment of the detectors to specific 
situations had been dependent largely on 
field tests, observations, and trial-and- 
error adjustment. When more than 
100 feeders on the Long Island Rail Road 
were to be equipped with improved pro- 
tection, it became evident that quantita- 
tive prediction of performance and pre- 
determination of desired settings would 
be a necessity. 

To this end several series of tests ona 
sample detector were run during 1949 in 
the high-power d-e laboratory in East 
Pittsburgh. These tests resulted in some 
redesign and improvement of compo- 
nents, in quantitative performance data 
and a clearer understanding of the oper- 
ating principles, and, finally, in the de- 
velopment of techniques for calibration, 
routine testing, application to specific 
load and fault conditions, and settings for 
predetermined performance. 

The components of the detectors used 
in this recent application and the per- 
formance data are described in succeeding 
paragraphs. 
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Figure 7. Curves of D-relay deflections with 
various secondary circuit resistance and pri- 
mary time constants 
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Figure 8. Standard performance curves of D 
relay (shunt resistance = 0.116 ohm) 


The Impulse Coil 


The impulse coil is an adaptation of a 
window-type, 4,000-to-5 current trans- 


former. It has the following charac- | 
teristics: : 
Number of secondary turns 798 
Secondary-coil resistance, ohms 0.7382 
Mutual inductance, henrys 0.000028 
Self-inductance of secondary 

coil, henrys 0.0228 


The inductance figures apply for flux 
densities below saturation. The core is 


2 


constructed with 12 air gaps of 3/32-inch | 


each, increasing the magnetic reluctance 


so that the flux density remains below the _ 


saturation point up to a magnetomotive 


force of 17,000 ampere turns. 
The Type-D Relay 


Type-D relays have been used for many 
years as reverse current relays and tem- 
perature relays in addition to use as ele- 
ments of the d-c short-circuit detectors. 
This relay is a d’Arsonval-type d-e con- 
tact-making milliammeter. The new de- 
sign, recently adopted as standard, em- 
ploys permanent magnets for the fixed 
field. The relays applied as short-circuit 
detectors up to the present time have 
used field coils to produce the fixed field. 

The type-D relay recently applied as a 
short-circuit detector on the Long Island 
Rail Road has the following charac- 
teristics: 


Resistance of moving coil, ohms 0.32 
Resistance of field winding (with | 

two coils in parallel), ohms 700 
Resistance of field series resistor, 

ohms 2,232 

Total, ohms 2,932 

With control bus, volts 129 
Drop across series resistor, volts 98.2 
Voltage across field winding 30.8 


With a field strength produced by 30.8 
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0.159 ohm) 


volts at the field terminals a test relay of 
this application gave a fixed deflection of 
0.3 division per millivolt applied to the 
terminals of the moving coil, or nine- 
tenths of the full scale of ten divisions 
when 30 millivolts were applied. 

This relay has mechanical character- 
istics similar to those of a ballistic galva- 


-nometer and has little damping. As a 


mechanical system of mass and spring it 
had a natural oscillating period of about 
1.6 seconds, or about 0.8 second for a full 
swing in one direction. When a constant 


potential suddenly is applied to the 


moving coil, the initial full swing is about 
double the value of the steady deflection 
that is produced by the same potential 
when the moving coil has come to rest. 


The Type-S Relay 


The type-S relay is a high speed, sole- 
noid type, d-c relay. The relay is de- 
signed to pick up at high speed when the 
instantaneous value of secondary current 
equals the value of the adjustment tap 
that is being used. A polarizing coil is 
provided to prevent pickup of the relay 
on secondary current in the reverse direc- 


tion. If reverse secondary current reaches 


a value three times that of the tap being 
used, the polarizing coil is overcome and 
the relay functions as a nondirectional 


- current relay with pickup at three times 


the tap value. 

The type-S relays used on the applica- 
tion here described have seven taps, 
ranging from two to six amperes, with 


solenoid resistances ranging from 0.46 to 


0,122 ohm. 


Theory of the Short-Circuit 


Detector Performance 


Although the impulse coil is an adapta- 
tion of a 4,000-to-5 ampere, a-c trans- 


former, any conception of this coil as a 
current transformer, having a current 
ratio, is not applicable to its use in the 
short-circuit detector. The 4,000-to-5 
ratio applies only on alternating current 
after the energizing transient has sub- 
sided. 

But as the impulse coil is used in 
d-c circuits, its entire performance is 
transient and alternating current does not 
exist. The impulse coil should be con- 
sidered fundamentally as a transformer 
wherein change of primary current gen- 
erates secondary voltage. The trans- 
former constants of mutual inductance 
and secondary self-inductance include the 
effect of turn ratio. 

The following symbols are used in anal- 
ysis of the performance of circuits: 


Instantaneous values: 


t=time in seconds 
ip =primary current in amperes 
73 =secondary current in amperes 


Constants: 


R=resistance of entire primary circuit, 


in ohms 

L=inductance of entire primary circuit, 
in henrys 

E=constant direct voltage on primary 
circuit 


N=turn ratio of impulse coil 

M=mutual inductance of 
henrys 

l=inductance of entire secondary circuits, 
henrys 

e=2.7183—Base of Naperian logarithms 

1—e—!=63.2 per cent 


impulse coil, 


The primary and secondary circuits are 
shown in Figure 3. On application of the 
voltage E to the primary circuit, the pri- 
mary current rises to its sustained or 
E/R value exponentially as expressed by 
the following equation: 


E Pee 
ip E(1-« ") (2) 
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0.255 ohm) 


Its rate of rise at any instant is: 


Gin ee ee 
Pipa 2 


The ratio L/R is the time constant of the 
primary circuit and may be determined 
by measuring time on an oscillograph rec- 
ord to the point where the primary cur- 
rent has reached 63.2 per cent of its sus- 
tained value. 

The changing primary current pro- 
duces a secondary voltage which instan- 
taneously is the product of the mutual in- 
ductance and the rate of change of pri- 
mary current. This changing secondary 
voltage is applied to the secondary circuit, 
which in turn consists of a resistance r 
and an inductance /, and has a time con- 
stant, //r. The resultant secondary cur- 
rent is defined by the following equations: 


Instantaneous value: 


PY LS 
s=T (« L—e r) (4) 
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D relay with 30.8-volt field excitation 
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Maximum secondary current: 


Time to occurrence of maximum secondary 
current: a (6) 
Calculated values of secondary current 
are compared in Figure 4 with oscillo- 
graph values from a short-circuit test on 
the sample short-circuit detector. While 
the numerical values are not close, the 
similarity of shapes indicates a satisfac- 
tory agreement between theory and test 
performance. 

The inductances of secondary leads 
and relays were found to be negligible, 
therefore the self-inductance of the im- 
pulse-coil secondary was taken as the 
secondary inductanee, /. In determining 
the secondary circuit resistance, 7, all re- 
lays, adjusting shunts, and leads must be 
included. 

Examination of the graphs and of 
equation 4 shows that the secondary cur- 
rent is the resultant of two exponential 
quantities. It may be considered as the 
effect of applying to a secondary circuit 
of resistance 7 and inductance /, a voltage 
which starts at the value. E,=ME/L, 
but decreases exponentially as determined 
by the primary circuit time constant. 

The deflection of the D relay depends 
upon duration as well as magnitude of 
secondary current, being proportional to 
the area under the current-time curve, 
but with a varying ratio of deflection per 
ampere-second. Because of the ballistic 
characteristic of the D relay, momentum 
acquired during the impulse of secondary 
current continues to move the contact 
after the secondary current has dimin- 
ished to negligible value. In the test 
from which the oscillographice record on 
Figure 4 was taken, the secondary current 
had diminished to 18 per cent of maxi- 
mum value in 0.2 second, but the contact 
swing to 4.1 divisions and closed at 0.4 
second after the start of the primary cur- 
rent impulse, 


Test Data and Performance 
Prediction 


Preliminary tests werésmade on the D 
relay as a separate device. At different 
values of voltage applied to the fixed- 
field coils, measured millivolts were ap- 
plied to the terminals of the moving coil, 
and the steady deflections in scale divi- 
sions were noted. Deflection per milli- 
volt on the moving coil increases directly 
as field strength, and with a fixed field, 
deflection increases directly as millivolts 
applied to the moving coil. These same 
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tests emphasized the fact that a fairly 
strong field is necessary to miunumize 
variations in residual magnetism and to 
permit consistent performance of the re- 
lay as a measuring instriment. A field 
strength of 30.8 volts was used through- 
out the final series of tests and was 
adopted for the application of the short- 
circuit detectors on the Long Island Rail 
Road. 

The shunt resistor that is shown in 
Figure 3 is used for adjusting the trip 
setting by controlling the percentage of 
total secondary current that passes 
through the moving coil of the D relay. 
By comparing deflections on steady and 
sudden applications of measured milli- 
volts it was proved that the percentage 
calculated for a given value of shunting 
resistor with steady current remains the 
same under transient conditions. 
Throughout the final series of tests from 
which the performance data were derived, 
the moving coil was shunted by a re- 
sistor of 0.116 ohm, which fixed the per- 
centage of secondary current passing 
through the moving coil at 26.6 per cent. 

For purposes of the_test, a primary 
winding of 150 turns was wound through 
the impulse-coil window.’ This produced 
150 ampere turns for each primary am- 
pere, so that a primary current of 60 am- 
peres, the limit of the test facilities, 
produced the effect of 9,000 amperes as 
the short-circuit detector is used in actual 
service, For the purposes of this paper, 
primary currents have been converted to 
actual service values. 

Primary current was controlled by a 
fixed inductance, consisting of an avail- 
able motor winding and a resistor variable 
in steps. The fixed inductance had a 
measured value of approximately 1.5 
henrys. For each test, primary voltage 
and sustained primary current were meas- 
ured, and primary resistance was cal- 
culated from these readings. From this 
resistance and the value of fixed induct- 
ance, the approximate primary time con- 
stant L/R was calculated. 

For measuring the D-relay deflection, 
several successive applications were made 
at the same setting of primary voltage 
and resistance, with adjustment of the D- 


relay contact until the deflection was just ~* 


sufficient to light a pilot lamp in the con- 
tact circuit. Oscillographic records were 
taken of primary and secondary currents 


and of time at which maximum deflec- 
tion occurred. 


The first series of primary impulse 
tests showed that the impulse coil as then 
designed was adv ersely affected by satura- 
tion at values within the range of service 
load conditions, since short circuits may 
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occur while the impulse coil is magnetized 7 
by full-load current. The secondary cur- 
rent and the relay deflection were ma- 
terially less on addition of an increment 
to an existing primary current than on- 
application of the same primary current 
increment from zero. The oscillograms of 
secondary current, when compared witha — 
calculated curve such as in Figure 4, — 
failed to show the long concave-ipward 
tail of the calculated curve, but dropped — 
off rapidly after passing maximum value, _ 
These observations were explained as re-_ 
sults of a decreasing mutual inductance — 
as the core became saturated with in- 
creasing primary current. 
The impulse coil then was redesigned — 
to avoid saturation up to 17,000 ampere 
turns, by providing 12 °/s.-inch air gaps in | 
the core. Tests on the redesigned impulse — 
coil showed nearly the same values of re- — 
lay deflection for increments of zero to _ 
4,500 amperes and of 4,500 to 9,000 am- | 
peres. 7 
Test results, as plotted in Figures 5, 6, © 
and 7, show the increase of D-relay de- 4 
flection with increase of primary current — 
increment, and show the inverse effect — 
of primary-circuit time constant and — 
secondary circuit resistance. From these — 
test curves of the sample short-circuit 
detector, standard performance curves as — 
shown in 8,9 and 10 were derived for use _ 
in applying the detectors to service con-— | 
ditions and predicting performance. | 
Figure 8 first was derived for the same — | 
value of shunt resistance, 0.116 ohm, as _ 
was used in the tests. Figure 7 was used — 
to interpolate for values of secondary cir- | 
cuit resistance that were expected to be — 
average values for installations in service. 
Although the shunt resistor previously — 
had been an adjustable device, it was de-_ 
cided that interchangeable shunt re- 
sistors of three different fixed values — 
would give sufficient flexibility of adjust- _ 
ment in a more reliable manner. There- — 
fore, standard performance curves for a — 
0.159-ohm shunt and for a 0.255-ohm _ 
shunt were derived from Figure 8 and are 
shown on Figures 9 and 10. i 
Each of the performance curves on 
Figures 8, 9, and 10 shows expected de- 4 
flection as a function of primary current — : 
increment. ° In the case of a short ‘circuit : 
from no load, the primary current incre- _ 
ment is equal to the final value of the g 
short-circuit current. Each figure in- 5 
cludes a family of curves,-with time con- : 
stants (L/R ratio) ranging from 0.05 tom 
0.40 second. All the curves on any one 
figure are calculated for the same value of 
shunt resistance and secondary circuit. 
resistance. ; 


In Figure 11 standard calibration 
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ACCELERATION OF 12-MOTOR-CAR TRAIN. 
\i CALCULATED PRIMARY CURRENT ON FIRST NOTCH. 
3 ASSUMPTIONS: ER = 4000 AMPERES. 
TIME CONSTANT= L/p = .O5 SECOND. 
CURVE A: ALL MOTORS STARTING SIMULTANEOUSLY. 
CURVE B: CONTACTORS OF TWO CARS CLOSING SIMULTANEOUSLY 
AND THOSE OF SUCCESSIVE PAIRS AT INTERVALS OF 


0.12 SECOND. 


curves of the sample relay are given in 
terms of steady-state deflection plotted 
against amperes in the secondary circuit, 
for each of the values of shunt resistance 
that appears on Figures 8, 9, and 10. By 
the use of these curves, a suitable correc- 
tion factor may be calculated for any 
specific relay that departs materially from 
the calibration curves of the sample relay. 
Where the secondary circuit resistance de- 
parts materially from the values given on 
Figures 8, 9, and 10, a correction factor 
may, be calculated by use of Figure 7. 


Application of the Short-Circuit 
Detector to Heavy Interurban 
Service 


Salient characteristics of the loads and 
feeder circuits of the Long Island Rail 
Road have been described in earlier sec- 
tions of this paper. In the protection of 
these third-rail circuits, some of the prob- 
lems encountered are typical of heavy d-c 
railway service. The heavy inrush of 
current on acceleration is a critical factor, 
as this current also produces current in 
the secondary circuit of the impulse coil. 

The secondary current and the relay 
deflection are affected directly by the 
magnitude of the primary current incre- 
ment and inversely by primary-circuit 
time constant, the L/R ratio. Some ef- 


forts have beef! made to use primary- 


circuit time constant as a means of dis- 
criminating between acceleration and 


_ short circuit as causes of primary current 


increment. It was concluded that this 
was not practicable for the Long Island 


- Rail Road application, in the light of the 


available data. 
During staged short-circuit and ac- 


 celeration tests at Floral Park in 1947, 


oscillographic records were obtained 
which yielded an average time constant of 


_ 0.15 second for the third-rail and return 
_ circuit of four or more tracks. 
_ produced initial-current swings of 3,000 
to 4,300 amperes, rising to as high as 


Test trains 


_ 9,000 amperes during the accelerating 
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Figure 12 (above). 
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period. Study of these and other test 
data shows that secondary current suf- 
ficient to operate relays occurs only during 
the first second of acceleration, although 
the primary current continues to rise as 
the controller is moved over successive 
positions. Oscillographic records of cur- 
rent during the first second of acceleration 
were so irregular as to make rather un- 
satisfactory the calculation of time con- 
stant on the exponential curve basis. 
By taking the horizontal portion of 
highest value in the first second as the 
E/R value, a time constant of 0.38 second 
was calculated. 

Tests on the Staten Island Rapid 
Transit System in 1926 gave time con- 
stants of 0.36 second for a third-rail and 
track return circuit and of about 0.05 
second for an 8-car train on the first 
notch, From an oscillographic record of 
acceleration taken at Bellaire on the 
Long Island Rail Road in 1949, a time 
constant of about 0.04 second on the first 
impulse was calculated, the scale of the 
film being too small for much accuracy. 

The great variation in the figures for 
acceleration time constants may be ex- 
plained by lack of synchronism in the 
closing of contactors on the several motor 
cars on a long train. Taking the data on 
one of the Floral Park acceleration tests, 


* a composite current curve ‘for the °12- ° 


motor-car train has been calculated on the 
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assumption of 0.05-second time constant 
for each car and an arbitrary interval of 
0.12 second between closings of successive 
pairs of contactors. The composite curve 
is shown in Figure 12 and the oscillo- 
graphic record in Figure 13. By different 
adjustments of the time of closing suc- 
cessive contactors the apparent time con- 
stant, not a true L/R value, may be made 
to vary from 0.05 to 0.40 or the curve may 
be made to approximate the oscillo- 
graphic record. 

From the foregoing considerations and 
with the very limited test data available 
on time constants of acceleration and of 
short circuits, it is seen that time constant 
does not provide a means of discrimina- 
tion, but actually may increase the dif- 
ficulty of securing selectivity between ac- 
celerating current and short circuit, be- 
cause the combination of small time con- 
stant on accelerating current and large 
time constant on distant short circuit may 
occur, with consequent decrease in the 
margin for selectivity. 

Therefore, in establishing initial set- 
tings for the short-circuit detectors on 
the Long Island Rail Road, the following 
procedure was used. Minimum ‘“‘bolted”’ 
short circuits to the end of each third- 
rail sections were calculated. Using the 
D-relay performance curves of Figures 8, 
9, and 10, settings have been made to give 
nontripping for 4,300 amperes accelerat- 
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ing current at 0.05-second time constant 
and to give tripping at the calculated 
minimum short-circuit current with 0.40- 
second time constant. Some compromise 
with this very conservative basis was 
necessary in a few cases where sections 
were exceptionally long or contained 
lighter than usual rail. In making set- 
tings the shunt resistors have been 
selected in each case so as to place the ad- 
justable fixed contact as high as possible 
on the scale. 

It is recognized that actua] operation is 
the best check on assumptions. Accord- 
ingly, the relays were equipped with in- 
strtument pointers so that the deflections 
may be read accurately during operation. 
Recommendations were made to observe 
relays during rush-hour periods, es- 
pecially at locations where selective set- 
tings were difficult. After several months 
of service it was reported that the relays 
were clearing faults and avoiding load 
trippings. 


Application to Trolley Coach Service 


While heavy traction service of the 
third-rail distribution type represents the 
maximum as far a sinductance and Jong 
time constant is concerned, trolley coach 
distribution probably represents the mint- 
mum with the shortest time constant. 
The inductance for third-rail distribution 
may run about 13 millihenrys per mile, 
while two to three is representative of the 
average streetcar system, depending on 
the rail size. With trackless trolley 
coaches, the inductance will run less, 
since there is no iron in the circuit and the 
loops are small. 

Assuming a maximum inrush of 200 
amperes on acceleration of two coaches 
starting at the same instant, a minimum 
short circuit of 1,000 amperes at the most 
remote point of the feeder, and maximum 
load swings of 1,000 amperes, it again is 
apparent that overcurrent tripping of 
feeder circuit breakers cannot be used. 


Here, the discrimination between fault 
and load currents can be distinguished by 
the D relay only, although the higher 
speed of the S relay also may make it de- 
sirable for use. Should the S relay be 
omitted and the D-3 relay (with three 
times the field strength of the D-2) be 
used, the deflection for a given moving 
coil current would be tripled. Should the 
moving coil be shunted by a l-ohm re- 
sistor, the percentage of secondary current 
passing through the moving coil would be 
about tripled, from 26.5 to 75 per cent. 
The combined effect would be to multiply 
the deflection by nine, making a 1,000- 
ampere short circuit on the trolley-bus 
system equivalent to a 9,000-ampere fault 
on the Long Island Rail Road system. 


Reference 


1. D-C Power SuppPLiIgESs AND ISOLATION OF 
Fau_ts on Evscrric TRANSIT SystEmMS—D-C 
PowER Suppty, Part I, S. S. Watkins, M. E. Rea- 
gan. AITEE Transactions, volume 70, part I, 1951, 
pages 537-42. 


Discussion 


H. F. Brown (New York, New Haven and 
Hartford Railroad, New Haven, Conn.): 
The 2-part paper by Messrs. Watkins and 
Reagan is a valuable addition to the tech- 
nical literature associated with railway elec- 
trification. 

As electric train loads have increased, 
especially on the older low-voltage electri- 
fied systems, it has become increasingly 
difficult to distinguish between train loads 
and short circuits. The simple overcurrent 
relays or tripping devices used in the early 
days of electric traction now no longer apply 


to this type of service. Even on the higher 
voltage systems (3,000 volts direct current) 
the greater distance between substations 
permitted by the higher voltage, together 
with the increased resistance of the feeder 
circuits, presents the same problem in dis- 
tinguishing between train loads and faults. 
On the 11-kv a-c traction systems, espe- 
cially those systems which consist of multi- 
track networks with a large number of cir- 
cuits in parallel, it is still possible to use the 
simple overcurrent relays to clear faults in 
many cases, although here again the longer 
distance between sectionalizing and switch- 
ing stations may cause the same difficulty in 
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discriminating between heavy train loads 
and short circuits on long feeders. 

The first part of this paper is an excellent 
outline of the latest thoughts in substation 


design, especially in connection with switch- | 


ing and protective equipment for traction 
power supply on grounded systems. The 
second part of the paper is an equally valu- 


able analysis of the modern methods for dis- — 


criminating between heavy loads and faults, 
together with the methods of clearing, with 
minimum interruption to service, faults 
from the system. The authors are to be 
congratulated on their valuable contribu- 
tion to technical literature on this subject. 
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COMBINATION of system de- 
velopment and compelling condi- 
tions involving outmoded equipment re- 
sulted in changing some of the Consoli- 
dated Gas, Electric Light, and Power 
Company’s old urban substations from 
individual feeder regulation to group 
feeder regulation. For economic reasons, 
a type of group feeder regulation also was 
adopted at new urban substations. The 
purpose of this paper is to describe, for 
both old and new substations, conditions 
watranting this program; to outline the 
method followed; and briefly to describe 
some operating conditions and planning 
guides. The treatment is confined to 
urban feeders which are underground 
from the station to the feeder point. 
The successful operation of 3-phase 
group regulation requires investigation 


__ and supervision of load and voltage con- 


ditions, as well as a flexible distribution 
system. With feeders whose heavy-load 
voltage drops from the substation to the 
feeder point are in the order of 5 to 7 
per cent, it is essential that the feeders 
“match,” so that the condition of satis- 
factory voltage on some feeders and low or 
high voltage on others does not exist. 
When feeders with maximum voltage 
drops in the order of 2 per cent are reg- 
ulated together, dissimilar load patterns 
and unequal feeder drops are unimpor- 


tant, since the variation from a mean is 


small. 


_ Conditions Warranting the Program 


- OLp SuBSTATIONS 


Excepting the downtown network, 
Baltimore City is served by a 60-cycle 


" 4kv radial distribution system which is 


supplied by prewar and postwar substa- 


tions. Until about five years ago, all 4-kv 
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feeders were regulated by single-phase 
induction regulators, many of which were 
30 or more years old. Fault currents ex- 
ceeded ratings of the smaller regulators 
and the oldest oil circuit breakers. This 
equipment was indoor and some buildings 
had become congested. These factors 
constituted potential serious service haz- 
ards. 

Improvements were begun at the end of 
World War II and, considering several 
factors, four stations were selected for 
replacement of oil circuit breakers and 
open-type bus arrangements with metal- 
clad switchgear. The regulator aisles 
were very seriously congested. There 
have been several regulator failures, but 
no serious fires of the type that could 
occur. Space segregation and replace- 
ment or removal of the more vulnerable 
regulators were vital to the improvement 
program. 


NEw SUBSTATIONS 

After extensive studies, which were 
carried out during the wartime curtail- 
ment of construction work, it was decided 
to continue the 4-kv radial system and 
relieve overloaded substations by new 
substations utilizing factory-assembled 
switchgear. A new economical design was 
adopted and designated ‘‘multiplex’”’ by 
engineers of the Consolidated Gas, Elec- 
tric Light, and Power Company of Balti- 
more.! 

Each transformer at these new sub- 
stations normally supplies and regulates 
two 4-kv feeders. This example of group 
regulation is economical because it sim- 
plifies substation design and reduces 
equipment and space requirements. It is 
partially responsible for elimination of an 
auxiliary bus and partially facilitates 
automatic operation of the new substa- 
tions. 
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Description of the Program 


OLD SUBSTATIONS 


Monument Street Substation. The only 
way to permit segregation at the first 
substation modified was to eliminate some 
of the regulators. 

The Monument Street substation has 
no outdoor yard, all equipment including 
transformers being inside. It is a multi- 
service substation, and floor space is com- 
pletely occupied. A 20,000-kva syn- 
chronous condenser was connected to the 
13-kv bus in 1942, and there are two old 
6,875-kva frequency changers which are 
connected on the 60-cycle end to two of 
the three 4-kv bus sections and operated 
at reduced rating as condensers. The 
synchronous condenser was installed to 
improve the voltage of the 13-kv bus 
supplying unregulated high-tension cus- 
tomer feeders and to reduce the wartime- 
kilovolt-ampere peak on the 13-kv supply 
cables. 

Having had no previous experience with 
group regulation of urban feeders, the 
company decided in 1943 to obtain ex- 
perimental data. As a result of prelimi- 
nary investigations, 11 feeders were se- 
lected for an extended period of trial 
operation. Feeder-point voltage charts 
were obtained with the regulators both 
normal and blocked in the neutral posi- 
tion and also with the condenser on and 
off. The condenser operation was ad- 
justed to follow the voltage requirements 
of the group. As a result of the trial 
operation, six feeders and later a seventh 
were selected for group regulation. Reg- 
ulators were retained on the remaining 
four feeders tested. 


Coincident with the trial operation 
period, 4-kv metal-clad switchgear was 


Paper 51-92, recommended by the AIEE Substa- 
tions Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951. Manuscript sub- 
mitted October 23, 1950; made available for print- 
ing December 11, 1950. 


This paper was originally presented as a District 
paper at the Middle Eastern District Meeting ix 
Baltimore, Md., October 3-5, 1950. 
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ordered and plans were made to respace 
the regulators utilizing, for maximum ob- 
tainable clearance, the space occupied by 
the sets to be released. The feeders to be 
group-regulated were allocated to the 
sections of the new gear to which the small 
frequency changers were connected; the 
frequency changers would serve for volt- 
age control of these sections when the 
condenser is out of service, Only individ- 
ually regulated feeders were to be sup- 
plied from the remaining section. 

As a result of the group operation, reg- 
ulator spacing was considerably im- 
proved in Monument Street substa- 
tion. Furthermore, additional regulators 
will be released by transfer of some feeders 
to a new substation now in service. 

Philadelphia Road Substation. Phila- 
delphia Road substation has four 7,500- 
kva, 110/4-kv 3-phase outdoor transform- 
ers supplying four indoor bus sections. 
Each transformer has a + or — 10 per 
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Figure 1 (left). 
Estimated 1950 
peak load feeder 
voltage drops, by 
section, Phila- 
delphia Road 
Substation 


Figure 3 (right). 
Preliminary esti- 
mate of 1949 
peak load volt- 
age drops, by 
section, Wood- 
brook Substation 
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cent tap changer in 5/8-per cent steps 
and, to reduce fault currents, normally 
supplies the load of its section only. 
Group regulation of a few feeders was 
introduced by trial operation in 1945 and 
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Figure 2. Outline map of Baltimore City 
showing area supplied by Woodbrook 
Substation in 1946 and in 1950 
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will have been extended to include, by 
the end of 1950, all but two of the 17 
4-kv feeders. The remaining regulators 
will be outdoor and the oil circuit break- 
ers will be replaced with air circuit break- 
ers, resulting in a completely oil-free in- 
door installation. 

Figure 1 shows estimated voltage drops 
by section for 1950 peak conditions. It 
is evident that the spread between un- 
regulated feeders on each section is in 


general about 1 per cent, with extremes 


approximating 2 per cent. The hypo- 
thetical percent voltage drop at maxi- 
mum rated cable loading is shown in 
parenthesis opposite each feeder designa- 
tion. 

During the 5-year period that modi- 
fications have been in progress at Phila- 
delphia Road, the marked postwar load 
growth has resulted in an acceleration of 
normal feeder changes, such as replace- 
ment of old cable with larger cable, in- 
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stallation of new feeders, transfer of load 
between feeders, and addition or removal 
of 4-kv industrial loads. Finally, in 1950, 
two regulated feeders not included in 
Figure 1 are to be transferred to a new 
substation. The relative loading of the 
four separate 4-kv busses thus has been 
in a constant state of flux, necessitating 


- some tratisfersof feeders between busses to 


avoid transformer overload. It has been 
possible to co-ordinate these many 
changes and still meet voltage require- 
ments during this period of intense ac- 
tivity without returning any regulators 
that have been removed. 


Woodbrook Substation. The third and 
latest of the large stations at which group 
regulation has been introduced is Wood- 
brook, which, like Philadelphia Road, is a 
single-purpose substation for supplying 
4-ky radial feeders. There are two in- 
door 4-kv bus sections, each carried by 
two outdoor 6,000-kva, 13/4-kv auto- 
transformers, which are in turn supplied 
by 13-kv underground cables from a gen- 
Coincident with the 
provision of major relief by the transfer 
of area to two new substations, air cir- 
cuit breakers and metal-clad switchgear 
ate being substituted for oil circuit 
breakers and typical open-gallery con- 
struction. 

Figure 2 shows, in dotted outline, the 
territory in Baltimore served by Wood- 


_ brook in 1946, while the solid outline rep- 


resents the territory as it will be at the 


end of 1950. The average length of the 4- 


kv feeders supplying the latter territory is 
approximately 4,400 feet. The station is 
now much better centered with relation 
to its load and the area is greatly reduced. 


_ Load density is in the order of 5,000 kva 


per square mile. Furthermore, the Wood- 


_ brook territory is more nearly homogene- 
_ ous in character than either the Philadel- 
_ phia Road or the Monument Street ter- 
_ ritories. Nearly all of the load is residen- 


tial and commercial, there being very 


little 4-kv industrial load. The station 
_ peak traditionally occurs in December 
and has followed a uniform pattern for 
_ many years. The diversity factor of the 


sum of the feeder peaks versus the station 


peak is in the order of 1,05 to 1.10. 


These physical conditions and load 


_ characteristics indicated the feasibility of 
considering group regulation in connec- 


| tion with installation of the new switch- 
| gear. Since the existing induction regu- 
| lators interfered with locating the new 

switchgear and because they constituted 


the only remaining indoor oil-filled equip- 
ment, adoption of a plan which would 


_ eliminate regulators seemed desirable. 


_ Asa matter of fact, the design based on 
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retaining the regulators would have re- 
quired converting a gallery to a second 
floor at an added cost of $19,000. 

Whereas the adoption of group regula- 
tion at both Philadelphia Road and 
Monument Street was decided finally on 
the results of trial operating periods, the 
nature of the modifications at Wood- 
brook required that the decision be made 
during the design stage. To determine 
feasibility of group regulation a tabula- 
tion was made of coincident ampere loads 
of all feeders to remain supplied from 
Woodbrook. Because there are two bus 
sections, the feeders first were listed in 
two groups, according to impedance. 
Simultaneous loads were tabulated for 
several significant hours during a 
heavy load day and a light load day 
chosen from each of the four seasons of 
the previous year. By inspection of these 
data, it was apparent that the critical 
conditions to be satisfied were the heavy 
load days in the winter and summer 
(maximum and minimum load seasons, 
respectively). Accordingly, the estimated 
voltage drop was calculated for each of the 
aforementioned hours for estimated 1949 
winter and summer conditions. 

Peak-hour conditions as first estimated 
for 1949 operation are given in Figure 3. 
The small difference in voltage drop be- 
tween feeders showed conclusively that 
group regulation was practical, and it was 
adopted. The final modification designs 
were then based on regulating the two 
bus sections by outdoor step regulators 
connected in the low-voltage leads of each 
of the four transformer circuits. 

The installation of metal-clad switch- 
gear and the elimination of regulators as 
planned in 1948 will be completed in 1950 
when final load transfers are made to re- 
lieve Woodbrook. In the meantime, 


Table | 


Individual Feeder Regulation 
15 sets of regulators...... $100,000 


Cost of installation...... 3,500 
Construction work to 
accommodate new 
SWAILCH CALs ests rarsrelsiste. 6.6 19,000 
$122,500 
Overhead charges........ 12,200 
Total costs: y-~ ar sintiiasl< a bematiare $134,700 
Group Feeder Regulation 
4 bus regulators......... $ 32,000 
Cost of installation...... 7,500 
5 sets of regulators...... 33 ,000 
Cost of installation...... 2,500 
Construction work to 
accommodate new 
Switchgear’. i010 sialsiels 5,700 
$ 80,700 
Overhead charges........ 8,100 
Total! Costs’... isis... sitet einer $ 88,800 
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numerous feeder changes have occurred 
since the data in Figure 3 were first ac- 
cumulated. For example, some cable 
sizes have been increased and some 
feeder layouts and feeder loads have been 
adjusted. The net effect of these changes 
on estimated 1950 operation has been to 
reduce the spread between feeder voltage 
drops, as shown by Figure 4. In order to 
rebalance bus loading, regulated feeder 
H-2 is now to be on number 1 section. 
Regulator assignments are unchanged 
except that regulators are scheduled for 
feeder F-1 instead of feeder A-1. As be- 
fore, feeders A-2, F-2, and H-2 require 
regulators because of diversity. 

The relative station costs in the case of 
Woodbrook show a considerable ad- 
vantage favoring group regulation. As 
most old feeders are being changed to 
350,000 circular mils, the costs of individ- 
ual feeder regulators in the comparison in 
Table I are for new units sized for the 
larger cable. 

In addition, there is a difference in 
capitalized value of regulator losses favor- 
ing group regulation by approximately 
$3,500. 


NEw SUBSTATIONS 


The multiplex substation, described in 
detail in an earlier publication,! was 
designed to meet the following require- 
ments: 


1. Failure of a transformer or high-tension 
supply line should not impair continuity of 
service. 


2. Adequate voltage regulation should be 
provided on distribution feeders. 


3. Ordinary maintenance and inspection 
work on substation equipment should be 
feasible at any time without interference to 
operation, 


4, Addition of new capacity may be made 
when necessary without increasing the 
interrupting duty of circuit breakers, 


5. Reliable service should be provided on 
an unattended basis. 


The substation connections are illus- 
trated by Figure 5, while its operation can 
be visualized through reference to Figure 
6. Each 3,750-kva transformer is con- 
nected to and regulates a short 4-kv bus 
section which can serve two feeders nor- 
mally. 

Automatic transfer of each feeder 
to its adjacent transformer on loss of 
normal potential is the essential operating 
feature of this type of substation. 


One of the two feeders of each pair is 
termed “pilot feeder.” Bus voltage is 
controlled by one phase of the pilot 
feeder, which has compensation added in 
such amount as to give required feeder- 
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point voltage under varying load condi- 
tions. Althoughmultiplex design provides 
3-phase voltage regulation in groups of 
two feeders, yard space is allocated at 
each station for future installation of a 
limited number of feeder regulators. Six 
multiplex substations have been placed 
in service within the city limits since 
1948, and a seventh is scheduled for 
operation early in 1951. To date, no 
feeder regulators have been required on 
entirely underground feeders. Single- 
phase regulators were initially installed on 
two feeders having appreciable overhead 
portions, and a similar feeder from the 
seventh multiplex substation is scheduled 
to be individually regulated by a 3-phase 
regulator. 
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Figure 4. Current estimate of 1950 peak load 
voltage drops, by section, Woodbrook Sub- 
station 
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Operation 


In March and April 1950 extensive 
load and voltage tests were made on prac- 
tically all of the feeders supplied from the 
three old substations previously discussed 
and Calverton multiplex substation. 
Arrangements were made to obtain bus 
voltage and feeder loads at the station at 
the same time voltage at the feeder points 
was being recorded. With only a few 
exceptions, so-called feeder-point voltage 
readings were taken on the low-voltage 
side of distribution transformers closest 
to the feeder points. The tests disclosed 
no appreciable difference in voltage spread 
between feeders or phases which can be 
charged to a particular method of regula- 


4 KV FOR. 


A FEEDER CIRCUIT BREAKER 
(NORMALLY CLOSED) 


tion. Should excessive voltage differences 
develop because of appreciable inequali- 
ties in load growth of feeders or between 
phases of one feeder, corrective action 
may simply consist of a load transfer or 
rebalancing of phase loading. The in- 
stallation of new feeders to relieve ther- 
mally overloaded feeders and mains also 
serves to maintain minimum differences 
in feeder-point voltage levels. If the sub- 
station load is carried on a split-bus basis 
to limit fault currents, the individual bus 
loading is limited by transformer capac- 
ity. Transfer of a feeder or feeders be- 
tween buses to improve load balance also 
can often be accomplished in such a 
manner as to improve voltage conditions 
on feeders requiring improvement. In | 


4KV FOR. 


H.T. LINE 


4 KV FDR. 


B TIE CIRCUIT BREAKER 
(NORMALLY OPEN) 


Figure 5. Principle of the ‘multiplex’ scheme 


Identical “‘units,’’ of which one is circled by broken line, are con- 
nected as a ring with tie circuit breakers B normally open 


THREE H.T. SUPPLY CABLES 


9 CIRCUIT BREAKER NORMALLY OPEN 
® CIRCUIT BREAKER NORMALLY CLOSED 


Figure 6. Staggered connection of transformers at a “multiplex” 


substation 
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Three or five subtransmission circuits are used to avoid simultaneous _ 
de-energizing of adjacent transformers in case of failure of one circuit 
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any event, increasing the size of second- 
ary transformers and low-voltage mains 
to remove customers from the complaint 
area because of low feeder-point voltage 
would be expensive and undesirable. 

The extreme limits of permissible 
voltage cover a band of 12 volts between 
114 and 126, the nominal voltage being 
120 volts, This 10 per cent spread be- 
tween the first and last customer’s voltage 
is established by the Public Service Com- 
mission and is an accepted standard of 
design in the industry.2, By way of com- 
parison, the voltage profile of an average 
distribution feeder in Baltimore is shown 
in Figure 7. Average values of drop for 
the various components applicable to 
urban feeders have been indicated for 
heavy and light load conditions. It will 
be noted that the first customer is con- 
nected to a lightly loaded transformer 
during both heavy and light load condi- 
tions. At heavy load the voltage spread 
between the first and last customers is 
about 7 volts; at light load, 0.5 volt, 
Lower voltages than those shown on 
Figure 7, which are caused by overloaded 
transformers and secondary mains, are 
corrected on an individual basis. Some- 
what higher voltages than shown can be 
tolerated, for high-voltage problems have 
been infrequent on urban feeders. 


Discussion 


All feeders in any group obviously do 
not have exactly the same load shapes and 
voltage drops. The usual difference in 
simultaneous voltage drops ranges any- 
where from 0.5 to 2.5 per cent under 
heavy load conditions. Since all grouped 
feeders receive the same bus voltage, it is 
desirable to provide a voltage base which 
will satisfy average requirements. 

In the case of two feeders with voltage 
drops of 0.5 per cent and 2.5 per cent, re- 
spectively, a compromise setting would be 
chosen which would provide for 1.5 per 
cent drop over peak. If the nominal 
feeder-point voltage were 125 volts, one 
feeder then would receive approximately 
126 volts and the other 124 volts. Had no 
compromise been made, feeder-point 
_ voltages would have been approximately 
_ 125 and 123 volts, respectively, if the 
compensation were adjusted to give 
_ nominal voltage to the feeder with the 
least drop. 

With individual single-phase regula- 
tion the control equipment would be set to 
a furnish 125 volts at peak load to each 
feeder point. Even so, there may be 
complaints from the most distant cus- 
_ tomers because normal load growth on 
_ the system tends to overload distribution 
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transformers and secondary mains, cre- 
ating low-voltage conditions, With group 
regulation it is logical to assume that on 
the feeder receiving the higher feeder- 
point voltage those customers who were 
in the fringe area would now have slightly 
improved voltage and would not register 
complaints. On the feeder receiving the 
slightly lower voltage, however, it is also 
logical to assume that there are addi- 
tional customers who could enter voltage 
complaints. Thus, the total number of 
low-voltage complaints received should be 
approximately equal for these two feeders, 
whether group regulated or individually 
regulated, provided the difference be- 
tween feeder-point voltages is not ex- 
cessive. 

The preceding analysis can be extended 
from two feeders to cover a group of more 
than two feeders. Furthermore, experi- 
ence has shown that any number of 
feeders can be successfully regulated in 
one™ group if the voltage drop at maxi- 
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Voltage profiles of an average 
underground 4-kv feeder 


Figure 7. 


mum rated cable loading of all feeders in 
the group ranges from nominally zero to 
approximately 2 per cent. With such 
a group there need not be any investiga- 
tion made of load shape or diversity, be- 
cause the maximum range, or difference 
that can exist between feeders, matches 
the permissible range. 

Obviously, if a permissible difference of 
2 per cent is established between the 
minimum and maximum simultaneous 
drops, then group regulation of feeders for 
drops at maximum rated cable loading 
exceeding 2 per cent should be based on an 
analysis of daily and seasonal load shape 
of each feeder. For example, if the range 
of drops at maximum rated cable loading 
is from 5 to 7 per cent, the analysis is 
necessary to determine the simultaneous 
range. Should one of the 5 per cent 
feeders have only 1 per cent drop at a time 
when the entire group ranges from 3 to 5 
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per cent, it would receive 3 per cent high 
voltage and either should not be included 
in that group or should be equipped with 
a regulator. 

Voltage drops at maximum rated cable 
loading range anywhere from nominally 
zero to amaximum of approximately 7 per 
practically all underground 
feeders at the substations which have 
group regulation. There is some value of 
voltage drop at maximum rated cable 
loading which constitutes a limit beyond 
Which it is not generally feasible to at- 
tempt to group-regulate. Beyond that 
point the feeders involved would have 
such high impedance that normal inere- 
ments of load would produce intolerable 
voltage differences, The system would be 
(o such normal occurrences as 


cent for 


sensitive 
(1) a feeder in the group growing faster 
(2) a neces- 
sary load transfer between feeders; and 
(3) addition or removal of 4-kv industrial 
loads. 


or slower than the average; 


The foregoing normal occurrences also 
will change the voltage spread between 
feeders of very low impedance, but to a 
degree that will not violate the design 
standard = a maximum simultaneous 
spread of 2 per cent, The stations de- 
seribed bane successfully operating groups 
such as numbers 8 and 4 sections at the 
Philadelphia Road substation, Figure 1, 
where the feeder drops at maximum rated 
cable loading range in the order of 5 to 7 
per cent, It is believed that this range 
approaches the practical limit for applica- 
lion of group regulation to urban feeders, 

Special circumstances may justify de- 
viations from the limits outlined, For 
example, feeder D-2 of Figures 38 and 4 
supplies one industrial customer with a 
fairly constant demand, Although this 
feeder is grouped, without supplemental 
regulation, with feeders having approxi- 
mately 2 per cent voltage drop, the fact 
that its drop at maximum rated cable 
loading is in the order of 5,5 per cent has 
no significance because it is expected that 
the customer will be transferred to high- 
tension service prior to increasing present 
demand, As another example, some of 

_ the multiplex stations supply one or two 
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fairly long feeders whose drop at maxi- 
mum rated cable loading will be in the 
order of 10 per cent. These feeders now 
are lightly loaded and are group-operating 
satisfactorily, As load grows, it may be 
necessary to equip some of them with 
regulators, Eventually, however, these 
would be the feeders to be transferred to 
future new stations, at which time any 
regulators involved could be used else- 
where. 


Summary . 


The best way, theoretically, to main- 
tain ideal voltage conditions on a given 
feeder is to equip each of its phases with a 
regulator, However, other factors in 
addition to voltage regulation must be 
considered in a practical co-ordinated 
design, The engineering approach toward 
accomplishing a purpose with the mini- 
mum physical facilities must be adhered 
to both in improving an old substation 
and in designing anew one. A very strong 
incentive to streamline and simplify sub- 
stations as an outgrowth of congested 
conditions in old stations and as a means 
of reducing time and money require- 
ments in building new ones, finds an ally 
in the closely coupled and densely loaded 
condition of today’s distribution system. 
The availability of economical and re- 
liable tap-changing equipment and the 
existence of short distribution feeders to- 
gether permit, by group regulation, real- 
ization of very significant simplifications 
of substation design, construction, and 
operation, 

The preceding examples of conversion 
to group regulation have three important 
points in common; 


1, The underlying reasons for the changes 
have been to make space and/or eliminate 
indoor oil-filled equipment, 


2. The work to regroup the feeders by bus 


section voltage has been an engineering 
problem only, inasmuch as the change from 
open-type bus work to metal-enclosed 
switchgear required moving the feeders 
physically within the three stations regard- 
less of voltage requirements, 


8. Voltage conditions have improved thus 
far as normal development and changes of 


the distribution system have secure dim 
(| 


during group operation. ‘ | 


Whereas the old stations are attended, 1 
the multiplex is an unattended station, — 
a feature contributing to its economy and — 
justification. The old stations, bein Bg 
located closer to the center of the city, — 
have short feeders and small areas, as_ 
illustrated previously in the case of the 
Woodbrook substation. Itis thus feasible — 
to regulate the feeders in groups of fou 7 4 
or more, The new stations, being nearer — 
the perimeter of the city, have ingle ‘| 
longer feeders. The inherent feature of _ 
one regulating voltage per pair of feeders c| 
thus facilitates successful group operation 
at the new stations. 

Finally, as applied to undergrou i 
urban distribution feeders: 

1. Group regulation permits econo- : 
mies in substation construction and opera | 
tion, and no significant offsetting sacri- 
fice of revenue or distribution economy ‘ 


should result if the maximum simultane- 
ous deviation of feeder voltage drops is | 
in the order of + or — 1 percent from the} 
mean, 

2. Feeders can be grouped indiscriendl i 
inately when the voltage drops at 
maximum rated cable loading are in the - 
order of 2 per cent. 

3. Operating experience indicates that — 
when two or more regulating voltages are 4 
available, feeders can be grouped in sucha _ 
way as to meet the restriction in state- | 
ment 1 in this section when the voltage ; 
drops at maximum rated cable loading do _ 
not exceed approximately 7 per cent, pro-_ 
vided care is taken to choose feeders with — 
similar load and impedance characteristics i 
for each group. 

4. In regulated groups, any feeders 
which do not meet these conditions either | 
should be placed in other groups or should — 
be equipped with individual regulators. 
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Electrical Analogues and Economics 


1 > gF& A single group of equations can be 


written which defines the assumed per- 


__ formance for two separate systems (each 


of which within itself represents an or- 


ie derly or definable behavior), one system 


may be called the complete analogue of 
Since many electric systems 


are much more easily constructed and 


_heers.- Both “models”’ 
_may be described by mathematical rela- 
tionships, although the economist’s term 
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varied than those in other media, they 


afford a ready means for the study of a 


_ variety of other systems which have 


electrical analogies. Economic phenom- 
ena may often be found to be repre- 


_ sentable by analogous electrical circuits. 
Electrical 
niques may therefore have broad applica- 
es tions in the study of economic problems. 
' _ This paper also presents a brief survey of 


analogue computing  tech- 


suitable problems in theoretical econom- 
ics, and discusses electrical representa- 


tions in terms of present and imminent 


developments in analogue computing 
techniques. Throughout the paper eco- 


_ nomic terms will appear in italics where 
_ first introduced, 


(( 


“Models” in Theoretical Economics 


Economic Mope.s 


Over the past 15 years the word 
“model’’ has become as prominent in the 


writings of economists as is the word 


“circuit” in the works of electrical engi- 
and “circuits” 


refers not to a strictly physical prototype, 
‘as might be the case in engineering, but 


rather to an idealization of human be- 


havior. 


Perhaps the simplest of all economic 
models is also the most familiar. This 
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model explains the determination of 
market price in terms of demand and 
supply relationships: 


am Das a) 
q=5Si(p) (2) 


This model is static, exact, and micro- 
economic in nature. The antonyms of 
these terms are dynamic, stochastic, and 
macroeconomic. 

Static and dynamic have the usual 
engineering connotations. Exact means 
that the equations uniquely define the 
quantities involved, while stochastic im- 
plies that a term representing random 
disturbances, or, in engineering terms, 
“noise”, is present in the system. Micro- 
economic models deal with specific sec- 
tions of an economy such as a firm, while 
macroeconomic models deal with aggre- 
gate quantities such as national income or 
a price index. The terms micro- and 
macroeconomic represent only general 
classifications, and are not so concisely 
defined as are the former. Clearer con- 
cepts of each will be gained from the ex- 
amples to follow. 

Consider as a second model the equa- 
tions (also see Figure 1): 


pa=D,(q) (3) 
bs = S2(q) (4) 
dq/dt a Fy (pa —ps) (5) 


Here pg is demand price, or the highest 
price at which consumers will be willing 
to purchase a given quantity of product 
per-unit of time; ,; is supply price, or 
the lowest price at which sellers will be 
willing to continue selling a given quan- 
tity of product per-unit of time; gq is 
quantity sold per-unit. of time; and 
dq/dt is the rate of change in sales per 
unit of time, #. The inclusion of the ad- 
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justment equation (5) makes this a dy- 
namic model even though initial or bound- 
ary conditions are not specified. We 
may note furthermore that economists 
often employ difference rather than dif- 
ferential equations, for example, 


q(t) —qt—T) = F[pa(t—T) —ps(¢—T)] (6) 


where T is a fixed period of time. 

A dynamic model may include histori- 
cally given functions of time as well as 
those functions which are specified by the 
model. The former are called exogenous 
variables; the latter endogenous vari- 
ables. For example, suppose that equa- 
tion 4 were replaced by 


ps =S3(q, w) (7) 


where w, a wage rate, is regarded as a 
known function of time. In this ex- 
ample, w is an exogenous variable, while 
p and q are endogenous variables. If 
difference equations appear in the model, 
some endogenous variables may be lagged, 
for example, g(¢—T) of equation 6 is a 
lagged endogenous variable at time i. 
Lagged endogenous variables as well as 
all exogenous variables are called, collec- 
tively, predetermined variables. 

All of the foregoing examples have been 
exact in nature, but nonexact or stochas- 
tic models also are employed in theoret- 
ical economics. For example, suppose 
that the demand and supply functions of 
the previous example were written as 
follows: 


ba=D,(q, ua) (8) 
bs =S,(q, us) (9) 
dq/dt= F,(pa —ps) (10) 


where ug and uw, are called stochastic 
variables which may or may not be statis- 
tically related. Stochastic or random 
variables represent the disturbing effects 
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of many other factors that have not been 
introduced explicitly into these equations. 
These random disturbances mean that for 
any given value of gq, the functions of 
equations 8 and 9 may take on any value 
in accord with some probability distribu- 
tion. For example, wq and wu, at any 
point in time may be regarded as a draw- 
ing from a joint normal (Gaussian) dis- 
tribution which is specified by mean 
values of zero, standard deviations of 
oq and oa, (these are rms measures of dis- 
persion), and the covariance (the ex- 
pected or mean value of wqu,). Further- 
more, it may be supposed that these 
random disturbances, which are values 
assumed by ug and u, at different points 
in time, are serially (or temporally) corre- 
lated for a given time interval, for ex- 
ample, wq(t) and u(t) may depend statis- 
tically upon u@(t—T) and u.(t—T). In 
general, models containing stochastic 
variables are formulated with an eye to- 
wards subsequent statistical investiga- 
tion. Suitable electrical representations 
for random disturbances will be discussed 
later. 

The preceding examples have all been 
microeconomic in character in that they 
purport to explain the behavior of a 
single market, or an industry. These 
stand as a general class of models in con- 
trast to macroeconomic models which re- 
late major economic magnitudes at the 
national level, such as national income, 


net foreign trade balance, total expendi- 
ture by consumers, rates of interest, anda 
price index for consumer goods. Thus 
the macroeconomic models are concerned 
with broad aggregates and index num- 
bers. A very simple example of the latter 
class is the national income model ex- 
pressed by equations 11 through 13. 
This specific model is also stochastic and 
dynamic in nature. 


C(t) =a + fi V(t) +m (t) (11) 
p(t) =a2+B2Y(t—T)+u2(t) (12) 
Y(t) = C(t) +1 (t) +1 (t) (13) 


In these three equations all terms may be 
expressed in billions of dollars per an- 
num. Specifically, C(t) is consumer ex- 
penditure; Y(t) is national income; 
I,(t) is net private investment; J,(t) is 
exogenous, government investment; and 
u(t) and u(t) are stochastic variables. 
The parameters are real numbers. 


THE INVESTIGATION OF AN ECONOMIC 
Mone. 


There are three distinct interests an 
economist may have in the study of a par- 
ticular economic model which will be 
stated and later illustrated. 


1. It may be desired to discover only the 
general topological features of a model. 
Is the model stable or explosive? Does it 
give rise to a limit cycle, thus is it finite and 
periodic? How will variation in certain 
parameters alter the dynamic response of 
the model? To study the general topolog- 
ical features, it is unnecessary to have esti- 
mates of the actual values of the param- 
eters, although the possible range of the 
parameters may be restricted by given in- 
equalities. 


2. For a given model it may be desired to 
solve its system of simultaneous equations, 
and in so doing to employ those values for 
the parameters which have been obtained 
from independent statistical estimates. 


Table I. Notation for Inventory Oscillation Model 
Economic Electrical 
Symbol Definition of Economic Term Analogue 
It fecwacee Demand price. The highest price consumers are willing to Payton cee V1 
a given quantity of product per-unit of time 
Ps. ..Supply price. The lowest price at which producers will be willing........ V2 
fo continue producing a given quantity of product per-unit of 
ime 
Oseies acre Quantity: solidi percumit-ofytimie aia eer ee rere i 
OFS carpe Quantity produced) per-unitiofitime.wsne econ ein ene ee 12 
| Poe tees Pace Time, as employed in the economic model and in the electrical........ t 
analogue even though it must be kept in mind that the time 
scales differ 
CUB eT Bai a. oe Intercept constants with the dimension of PLICE oniid sd sieves Se ee Ex, Ee 
B1y2 Bixee Slope coefficients with the dimension of price divided by quantity. .2).0 «el. iz Rs 
Dye atest Coefficient of marketing inertia... Genesee oneneces anne fost 
2B OCONEE aes Coefficient ‘of, production! inertia a0 janie nian ae nee L2 
Pn ROC E ORE Coefficient: of inventory inflexibility, ..15-..+.s<s:es.. 2. open Cc 
Bele cesarean A time constant, which is a measure of the promptness of re-estab-........ Rs/L: 
lishing equilibrium inventories 
Co eetre oisielsin « 422. 71828. daniic ns Maminnieats oc ae bsioccl shasta aM oe koe ee € 
y Pia ts te ete A superscript denoting a value in the initial equilibrium position.......... 0 
Peete cols tepate res A superscript denoting a value in the final equilibrium position............1 
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Table Il. Values Employed in Obtaining 
Solution Shown in Figure 4 


Electrical 
Element Numerical Value 
TE: shesan actos 3.0 henrys 
LG 5 & treater 3.0 henrys 
EB sissies eet 1.5 henrys 
Rik jsrerersceeene 550 ohms 
IRe crate eens 550 ohms 
RS, eerie 50 ohms (a 
Gain sieeeae 1.0 microfarad 
SBS apa tetentetete Changed from 12 to 18 volts 
By otel aera 0 
Es sas tetera eet 6 volts 
OTE, At A 90 volts 


3. For a given model such as equations 11 
through 13 it may be desired to estimate the 
numerical values of the parameters which 
are shown as Greek letters, when the func- 
tions of time, with the exception of the sto- 
chastic variables, are assumed known over 
some historical period. 


The Electrical Representation of 
Illustrative Economic Models 


Three economic models will be pre- 
sented, each formulated for a different 
kind of investigation. It will be shown 
how each model may be solved by use of 
an analogue computer. 


A Mopet or INVENTORY OSCILLATIONS 


This is an illustration of a dynamic 
microeconomic model which is to be ex- 
amined on an analogue computer only for 
the purpose of observing its topological 
features. Consider an idealized industry 
which produces and markets a single prod- 
uct. Consumer behavior is assumed to 
be described by a linear demand function, 
that is, a linear relation between price and 
quantity. The industry is assumed to de- 
termine its production in accordance with 
a linear output function, that is, another 
linear relation between price and quan- 
tity. The industry is furthermore as- 
sumed to maintain inventories and to 
follow a long-run policy of keeping inven- 
tories at a constant level, although short- 
run deviations from this policy result from 
market disturbances. In particular, it is 
desired to study the effect of an increase 
in market demand. The flow diagram of 
this model is described by Figure 2. 
Goods flow along the solid lines from 
factories to consumers and to inventory 
warehouses, and from inventory ware- 
houses to consumers. It is further as- 
sumed that inertias resulting from either 
psychological or technological factors ap- 
pear whenever there is a change in the 
flow of goods to consumers or in the flow 
of goods off the production lines. Market- 
ing inertia reflects the difficulties of al- 
tering the rate at which goods may be 


ATEE TRANSACTIONS 


} 
= 
| S 
rs ge 
ij 8 > s \ 
S 
Zo 5 Ss 
be 2 | 
te 3 te 
. made available at retail outlets; produc- w os 
tion inertia reflects the difficulty of Figure 2 (above). Economic eS ge 
romptly changing the rate at which flow pattern S > +e 
rt P oS a ou 
_ goods are produced in the factories. The te ° t 
inertias are assumed to be linear. This 5; pureta Ciahila Dyasmia re 3 o 
model is represented by the equations: sponse as observed on £& it Zz 
Peso, 610. (14) analogue computer 
. t ts 
— Ps=02+620p (15) 
205%. dO, TIME, TIME _., 
)) Pa-—Ps=m net (16) 
I 


Pat (7! troduced to prevent a reverse current considerations, states that the equilibrium 

erg — P=), ia (Qe—Qp)dt+ flow, because that would imply econom- quantity produced and sold is greater than 

_ ee aC ically that consumers sold goods back zero, It is assumed moreover, that Q,, 

to the firms and that finished goods were QQ, and f'o(Q,—Q,) dt+ (initial invento- 

converted back into raw materials and ries) are always greater than zero, even 
productive services. during the period of disequilibrium. 

The purpose in introducing the L, R, In the electrical circuit it is unnecessary 
ment relationships. C loop beneath the capacitor is to de- to introduce the battery E, as the entire 
| Refer now to Table I. The concept of scribe the industry 2 following a long- voltage level of the circuit may be low- 
| price is of particular interest. Economi- ‘ policy of maintaining inventories at ered. 
cally, price may be interpreted asa meas- 4 fixed level. Otherwise, a change in Our interest is in observing the tran- 
ice of the incentive to purchase or to pro- equilibrium prices and quantities would sient response of the system resulting 
duce. Electrically, price is represented Cause the industry to alter its equilibrium from a sudden increase in demand (in- 
by a potential difference. The circuit level of inventories, or, in terms of the crease in a; or £1). One series of oscillo- 

electrical circuit, to alter the charge on graphic data for the behavior of the mag- 


_ shown in Figure 3 is constructed to rep- ; t : 
resent the economic model. The mathe- thecapacitor. Eyis set equal to V9—g'/c —nitudes Qe, Qp, (Qe—Qp), and Sw(Qe— 


Equation 14 is the demand function; 
equation 15 is the output function; equa- 
tions 16 and 17 are the dynamic adjust- 


| matical description of this circuit is given Where q°is the initial charge on the capaci- _ Q,,)d¢ for a given set of parameter values is 
‘ in equations 18 through 21, which cor- tor. The equation for the subsidiary loop shown in Figure 4. The particular values 
respond term for term with equations 14 is for which these solutions are obtained are 
through 17, respectively. dis given in Table II. Similar sets of data 
i : Ri(a~t) + Rihtle 7 Es (22) have been taken to observe the effects 
iP? peta Riti eo) of various alterations in the parameter 
Te V5 = Ea + Roti, (19) Neglecting the mutual impedance term values.} 
-. : ! R3(4; —t2), which may be made negligibly 
3 LY, = I, di; ioe diz (20) small, we obtain A NONLINEAR NATIONAL INCOME MODEL 
3 a oF 2G» This model has been presented by Dr. 
: Vi — VX ga) x a ReisseB| 1—e ig | (23) R. M. Goodwin? in an effort to describe 
eds C Wierd the general pattern of the business cycle 
is Ry E; is then set equal to (V!—V°) to ob- _ in terms of a very few but very basic rela- 
(tye 1 ono] (21) tain the required function. tionships. It is intended to show next 
E, is always greater than £, This how an analog computer might be em- 


In the electrical circuit, diodes are in- requirement, which is given by economic __ ployed in the solution of this dynamic 


(e ue Figure 3 (left). Electrical circuit analogue 


|. Figure 5 (below). The adjusted endogenous component of 
real investment shown as a function of the rate of change of 
the real national income, lagged 


, a, 
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economic model for which independent 
statistical estimates of the parameters are 
available. The terms are defined in 
Table III, and the equations for this 
model are as follows: 


d 
Ci) =e Y@+8—-7 7 VW) (24) 
V)=CW +E KO+DO (25) 
d d 
— K()=Fa| — Ye- 26 
5 eo [2 ve n| (26) 


where the function in equation 26 is of the 
form shown in Figure 5. These equations 
reduce to 


ee ; ese 
yLvo+a-a)¥0—Fel $V n| 


=8+D(t)=G(t) (27) 


Goodwin has suggested that, on the 
basis of available statistical evidence, the 
following magnitudes may be assigned 
to the parameters of the economic model. 


t=time in years 

+ =0.5 year 

T=one year 

e=0.6, a dimensionless number 


{nfo 


—=2.0 years 
d us Y(t—T) t 
\ at 


where —$3 billion <Fy [d(Y(t—T)/dt] 
<+$9 billion, adjusted to the general 
level of prices for the period of the great 
boom and depression. 

Equation 24 states that current con- 
sumption depends upon current national 
income and upon the current rate of 
change in national income. (Note that 
consumption, income, and investment are 
rates, that is, so much per annum.) The 
rate of change in income appears in order 
to allow for the fact that consumer ex- 
penditures depend in part upon whether 
incomes are rising or falling. Equation 
25 is an accounting identity, national in- 
come being by definition equal to the sum 
of consumer expenditure plus both en- 
dogenous and exogenous investment. It 
is useful to write endogenous investment 
expenditure as the rate of change in that 
portion of the stock of capital which be- 
comes altered as a consequence of other 
changes in the system. Exogenous in- 
vestment may be regarded as the real 
value of the rate of government expendi- 
tures minus receipts. One may also wish 
to include as part of exogenous investment 
residential construction and important 
innovations such as the development of 
atomic energy. Equation 26 describes 
how endogenous investment depends 
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Table Ill. Notation for a Nonlinear National Income Model i 


Economic a ; Electrical 
Symbol Definition of Economic Term Analogue 

Poiaiscuc ene coe em atehianrnts 7 Time, as in Table 1... ...cccec cece tens ce ce ces ese + upusaasiealen t 

Y BA A COLD ACEO HE A finite period of time..........eseeeseeerenes cette tees eens T 

GCOS Recibeteeccrcgarererersrarers Real consumption, that is, consumption expenditure In. Foleremhare ic(t) 
billions of dollars per annum adjusted by multiplying 
by 100 and dividing by a price index ; ? 

Pid) a Wincem salen aceon Real national income, that is, money national income simi-........ ty (2) 
larly adjusted : on J 

CH GON then sore OO Ie The endogenous component of the rate of change in the 

nes real stock of capital, that is, endogenous real invest- 
ment adjusted by the same price index 

ib ad vu— r) | dikes Gyerare An acceleration function having the dimension of Y(t) 

Dae sO acgsaceaud Exogenous real investment adjusted by the same price 
index 

CAE R ACO OR IIS OS OS A dimensioniess constant... 4... 20.0000 cles cies ses «0 so o)epihiaimmainee a 

Bc eta tin «acu Mawes A constant having the dimension of C(#), Y(t), and so........ ig 
forth 

Ea SIRE Cr ORO OS A coefficient having the dimension of time............+eeeeeees L/R 

GQ). aes sos ones tees BE DO) as aie caves Sea nocd wings «diay oleiptennisialeceis eee te aan fg(t) 


upon the rate of change in national in- 
come, 

It is an original feature of Goodwin's 
model to introduce this nonlinear rela- 
tionship. Goodwin argues that the de- 
sired stock of capital, such as factory 
equipment, is proportional to national in- 
come, and that if national income rises 
the desired stock of such real capital 
rises. This causes a positive rate of en- 
dogenous investment, but it is well to as- 
stuume that this rate has a practical upper 
limit. The positive rate of investment 
must therefore persist over a sufficient 
period of time if existing real capital must 
be brought up to the desired level. Simi- 
larly, if there occurs a drop in national in- 
come, the desired stock of capital will de- 
cline. This may necessitate negative in- 
vestment (or disinvestment) in order to 
reduce the existing stock of capital to the 
lower level which is now desired. This 
process of disinvestment will also require 
time, for there is a lower (negative) limit 
on investment given by the maximum 
rate of depreciation. Referring to equa- 
tion 26 and to Figure 5, the slope of this 
function with respect to the argument is 
the coefficient of acceleration where ac- 
celeration refers to the fact that invest- 
ment depends upon the rate of change in 


the national income of an earlier period. 
The reason for the time delay is that a 
finite length of time is generally required 
before decisions to invest can be carried 
out. 

A possible electrical analogue will now 
be indicated in both equation and dia- 
gram form. From equation 27 and Table 
III, the electrical equation may be written 


d d 
L 7 iv(@)+(1—a)Riy() RF [sae | 
= Rig(t) =eq(t) (28) 


The circuit requirements are indicated in 


Figure 6. 


A StrocHastic NATIONAL INCOME MODEL 


The third model to be presented is an 
elementary macroeconomic model con- 


cerned with the determination of national — 


income. This model is a severe oversim- 
plification from the economist’s point of 
view, but it will serve to illustrate the 
possibility of estimating unknown param- 
eters by the use of an analogue com- 
puter. This particular model has been 
chosen because it involves features which 
occur in many of the more complicated 
econometric models, solutions to which 
may involve a nearly prohibitive amount 


Table IV. Notation for Stochastic National Income Model 
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Economic Electrical 
Symbol Definition of Economic Term Analogue 
LoSee es cA woes Time, as in Table Wis 9) 6.sc.s.0 dis's voltae +0 sjetehiere diese areola eieer ete eee 1 
T...........A finite period of time... 005 ccccecee sce estswssus sen e ee cee scene T 
SO ee esce Total consumer expenditures in billions of dollars per year...... ++ -€g(t) 
VD Occ National income in billions of dollars per year............000ccceveeceeeees ey (0) 
sO aan Cees Sum of private investment plus government deficit plus net foreign........ 7 (t) 
trade balance, each in billions of dollars per year ’ 
BO) wa teilevais cis A normally distributed stochastic variable with a mean value of zero,........- eéu(t) 
a standard deviation of ¢, and a coefficient of serial correlation of p. 
Its dimension is billions of dollars per year 
REMEON Gino eas A constant having the dimension of billions of doilars per year............... la 
PaRMEG TS cis is sic's A dimensionless constant... ...c0ceeccees se 6eucececcascices see 8 
SVieateis s:<.0\9's'0.8 A dimensionless constant. .)..6.4./000's sees sins n.c.0 em 0.0 .0.00 0 «2 oc eee er x 
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Figure 6, Electrical analogue for a nonlinear national income 
With each block is associated high input and low output 


model. 
impedance 


of computational work. The model 
chosen for study contains two equations: 


C(t) =a+BY(t)+yV(E—-T)+u(t) (29) 
Y(t) =C(t)+I(4) (30) 
Equation 29 is a behavior relationship 
called a ‘“‘consumption function”. Equa- 
tion 30 is an accounting identity. The 


symbols are defined in Table IV. 
From equations 29 and 30 


u(t) +1) tat (8-1) Y(t)+7VY@-T) =0 
(31) 


_ This is the economic relationship which 
_ we wish to study. The problem is to find 


numerical estimates for the parameters 
a, B, y, and T such that for the known 
function J(t) and a selected function 


u(t), the resulting function Y(t) will best 


__ approximate its observed behavior over 


~ 


: 
; 
é 
q 
; 
ap 


_ RELATIVE 

_ FREQUENCY 

OF OCCURANCE 
_ OF VALUES 
OF u(t) IN 

_ TIME SPAN 

. (t,-t) 
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a chosen period of years past. J(t) is ob- 
tained directly from relation 30 and from 
statistical records of functions Y(t) and 
C(t) over the same period. The sto- 
chastic term w(t) is introduced to account 
for random disturbances. It is assumed 
to be normally distributed about a mean 
_ value of zero. Figure 7 illustrates ap- 
"proximately what is meant. One may 


- 
> 
> 
> 
eo 
= 
v. 
a 
= 


1eatey(t) | 


imagine a very rapidly changing function 
with both positive and negative peaks 
with an average height of zero. A ran- 
dom distribution of this type is specified 
by the standard deviation o, which is a 
measure of its dispersion. The disper- 
sion increases as the number of peaks 
which are very different from zero in- 
creases. One may also suppose that there 
is serial correlation (expressed by the co- 
efficient of serial correlation p), that is, 
that the height of the function at one 
point in time depends upon its height at 
some previous point in time. The value 
of p depends upon the time lag between 
successive values of the function con- 
sidered in its computation. One may 
consider that a good set of values for a, 
B, y, and T has been found only if o can 
be kept small. Otherwise, u(#) may be 
large relative to the other functions of 
time, and considerable doubt will be cast 
upon the usefulness of the model. 

Equation 31 now is rewritten utilizing 
equivalent electrical terms as listed in 
Table IV. 


ey (t) bex(t) teat (B—ley(t)+vey(t—T) =0 
(32) 


(¢ 
Figure 7 (below). A sample of random disturbances 


Figure 9 (right). Electrical analogue for stochastic national income m 2del 
With each block is associated high input 


and low output impedance 


arranged for parameter study. 
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Figure 8. Electrical analogue for stochastic 

national income model arranged for statistical 

inference. With each block is associated 
high input and low output impedance 


An electrical circuit to which equation 
32 applies is presented in Figure 8. An 
alternative way of representing the same 
equation is by the circuit shown in Figure 
9. The circuits of Figures 8 and 9 are 
different with respect to what is assumed 
known. In Figure 8, Y(t), Y(t—T), 
and J(#) are introduced as historically 
given functions; 8, y, and T are treated 
as parameters; and [a+z(t)] is the de- 
pendent variable. In Figure 9, J(t) and 
u(t) are introduced as known functions, 
although w(t) can be regarded only as a 
sample of successive observations drawn 
from the probability space defining x/({); 
a, B, y, and T are regarded as parameters; 
and Y(t) as well as Y(t—T) appear as de- 
pendent variables. 

For purposes of statistical estimation, 
the circuit of Figure 8 is the relevant one. 
The solution for [a+wu(¢)] may be ob- 
served on the oscilloscope screen as a time 
function, and the mean value of this func- 
tion will be a because it is specified that 
the mean value of u(t)=0. The pro- 
cedure is to vary the parameters 6, y, 
and T until the standard deviation o of 
the observed solution for [a+z(t)] is at 
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Figure 10. Representative of behavior of 
national income for various samples of 


disturbances 


a minimum. The values of these param- 
eters which minimize o may then be re- 
garded as statistical estimates of the true 
values, granted the correctness of the 
specifications of the model. 

It should be understood that the proc- 
ess of deciding which of all possible sets 
of parameters is the “‘best’’ depends upon 
visual determination and not upon formal 
methods of statistical inference. It may 
be that electrical techniques can be de- 
veloped that will indicate a “‘best’’ fit 
when certain statistical inference for- 
mulas are satisfied; but no such methods 
are at present suggested. 

One problem that remains is that of 
how one may examine the parameter 
space so that the “‘best’”’ parameters will 
be found. We believe that in general 
this may be done by an iteration process, 
a process of adjusting each parameter in 
turn. Once the best set of parameters has 
been selected, the standard deviation and 
coefficient of serial correlation of the 
random disturbances may be measured 
from a photograph of the time function 


[e+u/(t)] as displayed on the oscillo- 
scope. 

After estimates of the parameters have 
been made, it may be desirable to examine 
the model with respect to its sensitivity 
to variations in the random disturbances. 
We may like to know what the behavior of 
the model would have been over the past 
period of time (on the basis of which the 
estimates were made) had there been a 
different sample of random disturbances 
drawn from the probability space whose 
constants have been found. To do this, 
the circuit for the particular model used 
here as an example should be that of 
Figure 9. In this circuit the endogenous 
variables appear as dependent variables, 
and the random disturbances are treated 
as known. The procedure would be to 
examine the response of the circuit for 
each of a series of different samples of the 
random disturbances. By a sample of 
disturbances u(t) we refer to a selection 
of the time function u(f) drawn from the 
probability space that defines u(). u(t) 
may be introduced by playing into the 
circuit a sample of atmospheric noise re- 
corded on a magnetic tape, provided that 
u(t) has an approximately normal distri- 
bution. One may adjust the standard de- 
viation of a sample of noise by altering 
the amplitude with which it enters the 
circuit. Similarly, the coefficient of serial 
correlation for a given (finite) time lag 
may be altered by varying the speed with 
which the recording is played into the cir- 
cuit. By playing repeatedly different 
samples of noise, a series of solutions for 
Y(#) may be observed. If recorded on a 
single photograph this set of solutions 
will appear as suggested by Figure 10. 
One may then observe the extent to which 
the inclusion of the random disturbances 


affects the theoretical response of the 
model. 
are very different, that is, if the past 
history of national income could have 


been greatly altered had there occurred 


some other probable set of random dis- 
turbances, the model may be said to place 
very great emphasis on the random dis- 
turbances, and may therefore be regarded 
as of dubious value. 
model may be regarded as specifying the 
behavior of the economy within narrow 
bounds. 
here may be used to examine the system 
for other arbitrary movements of the exo- 
genous variables which may be of in- 
terest. 


Summary 


A wide variety of models of interest to 


economists may be represented by elec- 


If the various solutions for Y(#) 


Otherwise, the 


The same method suggested 


trical circuits. These models therefore | 


lend themselves to investigation by use _ 


of an electrical analogue computer. The 
economist may study a model with any 
of three questions in mind: What are its 
topological features? What is its quanti- 
tative behavior for given parameters? 
What are good estimates of the param- 
eters? This paper shows that analog 


computing techniques may be useful in _ 


helping economists answer all three of 
these questions. 
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Discussion 


Otto J. M. Smith and R. M. Saunders 
(University of California, Berkeley, Calif. )P 
Analogue computing techniques have been 
applied to a dynamic study of Kalecki’s 
equations relating consumption and the 
‘production of capital goods. The effect of 
time delays in production and the deprecia- 
tion rate on the frequency of oscillation and 
degree of stability of national income were 
investigated at the University of California. 

Five basic equations were instrumented. 

The first states that deliveries of capital 
goods lag behind the investment orders by 
the production time delay @ in years: 


L(t) =I(t—6) (1) 


The total volume of existing industrial 
equipment is equal to the running integral 
of deliveries minus replacements of depre- 
ciated items: 
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x= [ (L—U)dt (2) 


The production rate at any instant is the 
average of the delivery rate for the follow- 
ing time interval 6, or the average of the 
investment rate for the preceeding time 
interval 6. 


4 1 t+0 

4 Cn ; Ldt (3) 

i Idt (4) 
TO 


This is equivalent to the running integral 


if! UP 
aq f (I~L)dt (5) 
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The personal consumption of noncapital — 
goods is assumed to be an irreducible mini- 
mum plus an increment proportional to the 
total national income. 


Econometrica (Chicago, Ill.), 


C=Cnin +B (6) ¥) 


B=A+C (7) 


The rate of investment orders to produce © 


capital goods is proportional to total na- 
tional income less a pessimism factor times 
the total capital goods on hand. 


IT=aB—nK=a(A+C)—nK (8) 
(At Cmin) s ‘ 
= Gn» nK (om 

where 


C=personal consumption rate of epee 
include milliards per year 

U =demanded rate of restoration of nda 
trial equipment 
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A =rate of production of capital goods 
L=rate of deliveries of investment orders 
B=total national income 
n= —0I/OK, decrease of investment order 
rate with increase in total volume of 
existing equipment (positive param- 
| eter, units, reciprocal years) 
| a@=0//0B, increase of investment order rate 
| with increase in national income. 
(dimensionless) 
| A=d0C/ ob, increase in consumption with 
) increase in national income 
m=a/(1—),Kalecki’s optimism parameter 
i 


, 

t 

: * 

; /=rate of investment orders 
| 
| 


Equations 1, 2, 5, and 9 can be combined 
in the block diagram shown in Figure 1 of 
this discussion. The two integrators were | 
actually replaced by one in the feedback a __ Equation9. 
path for simplicity of construction. 

The analogue was constructed with a 
time base of 200 microseconds equal to one 


| year. The time delay 6 was made in two 

forms: (1) A 4element-distortionless in- 
i. ductance-capacitance delay line, and (2) 
i a 3-time-constant resistance-capacitance 
| 


nonloading ladder network with appreciable feedback consumption loop, and changes in nonoscillatory operation were obtained 


Figure 1. Analogue of Kalecki’s economic system 


high-frequency attenuation. The former depreciation proportional to the rate of from oscilloscope observations using square 


t Tepresents equation 1 but the latter is change of production can be easily added. wave inputs on U or C. 

_ closer to economic reality, because not all This relatively simple analogue has 

We manufactured goods have the same delay _ proved to be a very valuable tool for deter- 

yet production. mining the implications and conclusions to  R. H. Strotz, J. F. Calvert and N. F. More- 


_ The analogue has a double-triode inte- be drawn from different economic hy- house: The authors sincerely appreciate the 
_ grator, two tubes in the J-L subtractor, two potheses. It is far superior to digital or comprehensive discussion presented by 
phase inverters, and three adding tubes. analytical methods because of the rapidity Messrs. Smith and Saunders. We have 
Germanium diodes were used for a non- of solutions and the visual presentations of _ read their description of a dynamic study of 
linear characteristic for a. A switch was results. Kalecki’s equations with much interest. 
_ provided for comparison with linear opera- The parameters a, \, and m were linear It is our opinion that this is a very con- 
tion. In the former case, the wave shape potentiometers. In operation, their values siderable contribution to the art of analogue 
was the familiar boom-bust triangular for critical stability, and the corresponding computing in relation to economic models 


| wave. frequency, were determined quickly with a and hope that there may be a further ex- 
2 Credit time constants in the positive- frequency meter. The damping factors for change of information concerning such work. 
a 

if 

a 2 

i ; 

ip 

ae 

I 

i 

i; 
'S 


1, VoLuME 70 Strotz, Calvert, Morehouse—Analogue Computing T echniques , 563 


-A Submarine Telephone Cable with 
Submerged Repeaters 


J. J. GILBERT 


MEMBER AIEE 


HIS paper describes the recently 

installed Key West-Havana sub- 
marine cable telephone system in which 
repeaters designed for long life are in- 
corporated in the cable structure and are 
laid as part of the cable. 

In April 1949 there was installed be- 
tween Key West, Florida and Havana, 
Cuba a submarine telephone cable system 
involving a radical departure from the 
conventional art of long-distance sub- 
marine telephony. This departure con- 
sisted of the inclusion within the armor of 
the submarine cable of electron tube re- 
peaters which are designed to pass through 
the cable-laying machinery and sink to 
the ocean bottom like a length of cable, 
and which, over an extended period of 
perhaps 20 years, should not require 
servicing for the purpose of changing 
electron tubes or defective circuit ele- 
ments. The repeater has the appearance 
of a bulge in the cable about three inches 
in diameter and tapering off in both 
directions to the cable diameter of a little 
over an inch. The total length of the 
bulge including the taper at each end is 
about 35 feet. The bulge is flexible 
enough so that it can conform to the 
curvature of the brake drum and of the 
various sheaves in the laying gear on the 
cable ship. A repeater, with stub cables, 
is shown in Figure 1. 


Historical 


The new cable system, comprising 
cables numbers 5 and 6 of the Cuban- 
American Telephone and Telegraph Com- 
pany, represents another step in the de- 
velopment of telephonic communication 
between the United States and Cuba, 
which has presented many interesting 
problems. Natural conditions make it 
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difficult, if not impossible, toemploy some 
of the usual methods of communication. 
One such condition is the absence of high 
ground in Florida that would permit the 
use of economic radio systems. Another 
is the stretch of water between Florida 
and Cuba, which, in places, is as much as 
6,000 feet in depth and restricts the type 
of cable that can be used. The practical 
solution has been to go from the point of 
contact with the Bell System toll lines at 
Miami, over the Keys to Key West by 
land line (with some water crossings), 
thence to Havana, an air-line distance of 
about 100 nautical miles (n.m.), by sub- 
marine cable of the deep-sea type of con- 
struction, having a single coaxial circuit, 
insulated with water-resistant material. 
There are problems involved in building 
and maintaining the Miami-Key West 
connections, but these are outside the 
scope of this paper. 

Telephone communication between the 
United States and Cuba was initiated in 
1921, when three submarine cables were 
laid between Key West and Havana.! 
Each cable provided a telephone circuit 
operated on a 2-wire basis and two or 
more telegraph circuits, direct and alter- 
nating current. The cables were con- 
tinuously loaded with iron wire, insulated 
with gutta-percha, and had return con- 
ductors consisting of copper tapes laid on 
the insulated core and exposed elec- 
trically to the sea water. These cables 
were the first ones to employ the copper 
return conductor, which also has been 
used in subsequent cables. The copper 
return was employed after a theoretical 
study had indicated that the armor and 
sea water, which for the low frequencies 


then involved in cable telegraphy- fur- - 


nished a low-resistance return conductor, 
would not be satisfactory at voice and 
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higher frequencies. At these frequencies 


skin effect causes the return current to — 


concentrate in the armor wires, which are 
naturally poor conductors for alternating 
currents, and this makes the resistance of 
the return path rise to undesirable values. 
The copper return effectively removes the 


armor wire and sea water from the trans- _ 


mission circuit at all but very low fre- 


quencies. This has the further advantage — 


of reducing the exposure of the circuit to 
static noise. 


Although the iron-wire loading was very _ 


effective in reducing attenuation in the 
voice range, the eddy current resistance 


due to the loading wire made itself felt to — 


a rapidly increasing degree for frequencies 


above the voice band. Consequently, — 


when additional circuits were required 


some years later and it was decided to ex- — | 
tend the frequency range in order tomake _ 
use of newly developed carrier frequency — 


equipment, it was necessary to dispense 


with magnetic loading. In 1930 the Key — 


West-Havana Number 4 cable was laid 
embodying new materials and novel prin- 
ciples of design.2 The insulating ma- 
terial in this case was paragutta, which 
had been developed recently by the Bell 
Telephone Laboratories and which pos- 
sessed electrical characteristics and sta- 
bility much superior to gutta-percha. An 
intensive study had been made of the 
design of coaxial cables for carrier fre- 
quencies with the aim of obtaining opti- 


mum electrical performance by proper — 


proportioning and construction of the 
conductors, and these principles were em- 
ployed in the new cable. Initially, 3- 


carrier telephone circuits were obtained 


on the Number 4 cable using the equiy- 
alent 4-wire method, with separate fre-_ 
quency bands for transmission in opposite 
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directions. 


The cable had been designed 
with considerable transmission margin 
and in 1940 the need for additional cir- 
cuits to Cuba resulted in the installation 
of new terminal equipment which enabled 
it to provide seven 2-way high-quality 
circuits on an equivalent 4-wire basis. 

The Key West-Havana Number 4 
cable design has proved very popular in 
other parts of the world. Several such 
cables have been laid between England 
and the Continent, between England and 
Treland, and between Australia and Tas- 
mania, and others were used in connec- 
tion with the war effort. A cable of this 
design also has been laid between two of 
the Japanese islands. 


Submerged Repeaters 


The demands for circuits to Havana 
continued to grow, and, after the close 
of World War II, the time appeared ripe 
for making use of a new development 
which had just come to a head in the 
Bell Telephone Laboratories after a pe- 
riod of experimentation. This develop- 
ment was the submerged repeater. The 
need for periodic strengthening of sig- 
nals transmitted over considerable dis- 
tances is about the same in submarine 
cables as it is in land lines and, as in land 
lines, the permissible spacing between 
repeaters usually diminishes as the de- 
sired frequency increases. The great 
difficulty in the case of submarine cable 


¥ routes is that there usually are no land 


sites on which repeaters can be located. 


j ¢ ‘Artificial: islands’ consisting of :floating . 


platforms or buoys have been proposed 


as a solution, but ocean currents and 
_ storms have disastrous effects on such 
_ structures. 


Interruptions as the result of 
such causes would make it difficult to meet 


the requirement on continuity of service 
which is necessary in the case of impor- 
__ tant telephone circuits. 
that the safest place for a submarine 
_ cable repeater is on the ocean bottom. 


Thus it seemed 
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Figure 1 (left), Sub- 


marine cable re- 
peater — 
Figure 2 (right). 


Steel rings and cop- 
per tube of container 


Requirements on Repeater 


The decision to place the repeater on 
the ocean bottom resulted in special re- 
quirements on the structure, the first of 
which is that it should be capable of re- 
sisting the considerable hydrostatic pres- 
sure that is encountered in deep water. 
It also seemed desirable that the oper- 
ation of getting the repeater overboard 
from the cable ship should not impede 
the smooth functioning of the laying proc- 
ess. The best way of meeting this re- 
quirement appeared to be to make the 
repeater structure flexible, within prac- 
ticable limits, and as small as possible in 
diameter so that it could pass around the 
drum and sheaves of the laying gear like 
any length of cable. 

In order to make such a repeater at- 
tractive from operating and commercial 
points of view another requirement was 
necessary, namely, that the electric circuit 
elements of the repeater, including elec- 
tron tubes, resistances, condensers, and 
coils, be designed for long life under 
operating conditions, so that there would 
be assurance of freedom from trouble or 
need of replacement of parts over a long 
period, perhaps 20 years or more. Serv- 
icing of the repeater would be in the 
nature of a cable repair, and the repair 
of a submarine cable is something not to 
be sought. The procedure is apt to be 
expensive and time-consuming, because 
of circumstances beyond control, such as 
bad weather or unavailability of a repair 
ship, and the disturbance of the cable 
involved in lifting it to the surface and 
dropping it again, possibly in something 
of a heap, is not desirable. It is obvious 
that the requirement on long life of cir- 
cuit elements presents a difficult problem, 
especially since the space available for 
these elements is minimized in order to 
keep the repeater diameter small. 

There was still another requirement on 
circuit elements, that of ruggedness. The 
stresses involved in laying cables in deep 
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waters are quite considerable. The cable 
is under a tension of several thousand 
pounds, and incidents might occur which 
would have no effect on an ordinary cable 
but might result in dangerous shocks to 
the delicate elements of the repeater. 
Also, as a consequence of the cable 
tension, the armor unlays somewhat, and 
this imposes twist and elongation on the 
interior structure, either coaxial circuit or 
vepeater housing. The cable circuit can 
be designed to withstand this distortion, 
but the repeater housing is much more 
susceptible to damage from this cause, 


The Repeater Housing 


The requirements on flexibility and 
watertightness under ocean-bottom pres- 
sures were the factors of outstanding in- 
fluence in the design of the repeater 
housing and of the end seals by means of 
which the cable enters and leaves the 
housing. Inthe present form the housing 
consists of a long tube of soft copper, 
1%/, inches in diameter and 0.03-inch 
thick, supported internally against col- 
lapse under sea-bottom pressure by an 
assemblage of abutting steel rings, each 
3/4-inch wide, and given a degree of 
rigidity by means of thinner steel rings of 
the same width overlaying and staggered 
relative to the thicker rings. When this 
structure is sealed at the ends it is capa- 
ble of withstanding pressures as high as 
10,000 pounds per square inch, and it can 
be bent to a radius as small as three feet 
without undue distortion of the copper 
envelope. Details of the structure are 
shown in Figure 2. 

Into each end of the housing is led the 


~ insulated conductor of the cable by means 


of a series of seals. The inner or vapor 
seal is of the glass-metal type especially 
developed for this particular purpose and 
capable of withstanding considerable hy- 
drostatic pressures. Next in line is a 
seal comprising a central brass tube and 
an external brass member, both vulcan- 
ized to rubber, which is joined to the in- 
sulating material of the cable. These 
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seals are coaxial in form, the outer mem- 
ber in each case being brazed to the 
copper tube of the housing or an extension 
thereof. Finally, a closely fitting core 
tube of copper, extending over the cable 
insulation for a distance of about seven 
feet, is brazed to an extension of the 
copper envelope of the housing, filled with 
vistac, and sealed at the distant end by 
means of a neoprene sleeve firmly joined 
to the core tube and to the cable insula- 
tion. 

The repeater housing and the core tube 
are provided with corrosion-protection 
layers and a bedding for the armor wires, 
the bedding over the core tube 
built up in the form of a taper. 
armor is a continuation of the cable 
armor wires with additional wires inter- 
spersed because of the larger diameter 
of the repeater. To prevent twisting of 
the container as a result of the unlaying 
of the armor wires under tension, a second 
layer of wires with a direction of lay op- 
posite to that of the main armor is em- 
ployed. The repeater may be armored as 
part of the cable or it may be armored 
separately, with a stub on each end, and 
spliced into the cable. 

The components of the housings and 
seals, as well as the complete armored 
housing, have been subjected to exhaus- 
tive tests of various sorts. The rubber- 
brass seal, for instance, was tested for 
penetration of moisture vapor over long 
periods of time. Methods of making this 
seal were checked by tension tests until a 
uniformly high degree of adhesion was ob- 
tained. Armored housings were tested 
on a laboratory setup in which laying 
conditions could be simulated by bending 
the structure under tension and in motion 
around a six-foot-diameter drum. 


being 
The 


The Repeater Circuit 


The diameter of the housing had been 
chosen originally on the assumption that 
the bulge caused by the repeater should 
not be more than two or three times the 
diameter of the cable proper in order to 
reduce the possibility of overriding turns 
on the brake drum during laying. Me- 
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Figure 3 (left). 

Repeater with 

portion of rings 
in place 


Figure 4 (right). 
Typical section 
of repeater 


chanical tests indicated that this diameter 
also was safe from the standpoint of de- 
formation of the copper envelope during 
bending. Accordingly, it was required 
that the repeater structure be restricted 
in cross section so as to fit inside this tube, 
with as much length as would be needed. 

The problem then became one of pack- 
aging the elements involved in a high- 
gain electron tube amplifier in the re- 
stricted space available. The method 
finally adopted is shown in Figure 3. 
The completed amplifier consists of an 
articulated assemblage of composite lucite 
cylinders, each about five inches long, 
successive units being held together by a 
spring assembly. Each lucite cylinder 
contains the related electric elements of a 
particular part of the repeater circuit. 
The groups of smaller elements are 
mounted rigidly in a lucite form which 
slides into an insulating envelope con- 
sisting of two closely fitting lucite shells 
and is held in place by end pieces of lucite. 
Eight copper tapes laid in axial slots be- 
tween the shells and extending over 
several sections, where necessary, permit 
electric interconnection of the various 
parts. A representative assemblage is 
shown in Figure 4. In the case of the Key 
West-Havana repeater the complete as- 
semblage is 84 inches long and comprises 
15 sections. 


Circuit Elements 


Early in the development general prin- 
ciples were developed regarding the type 
of circuit best suited for underwater re- 
peaters, and on this basis requirements 
were established on the characteristics 
necessary for the circuit elements, in- 
cluding electron tubes, and on their ar- 
rangement in the repeater. Decisions in 
such matters could not be arbitrary, of 
course, but had to be carefully worked out 
in order to freeze designs as early as pos- 
sible so as to facilitate the start of sig- 
nificant life tests. 

_The electron tube is the most important 
of the elements. Work had been begun 
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on a tube suitable for this use as long ago | 


as 1933. Thus, when a decision was made 
to lay the new cables, a long background 
of experience was drawn on in the manu- 
facture of the tubes. Early models of the 
type had been operated on continuous life 
test for as long as ten years. 
primarily for long life, the tube is a sup- 


pressor grid pentode with an indirectly | 
Of rugged design to | 


heated cathode. 
withstand the shocks of cable laying, the 
spacings between electrodes are rela- 
tively large. Unusual care was taken in 


manufacture to insure solid welds and to | 


avoid the presence of loose particles. 
During various stages of assembly, 
rigorous inspections were made on all 
tubes by engineering personnel. Selec- 
tion of tubes for use in the cable was 
based on a thorough examination of ail 
details in the history of each tube, as well 


as the history of the group in which it was _ 


manufactured. All tubes which were 
candidates for the cable were aged several 
thousand hours before preliminary selec- 
tion was made. Also, other tubes from 
the same production group were life- 
tested several thousand additional hours 
to establish the quality of the group. One 
early decision was to power repeaters by 


Designed © 


direct current fed from land over the | 


cable conductor. The tube heaters con- 
nected in series would furnish plate and 
grid potentials. This was an important 
factor in setting the nominal power re- 


quirements for the tube, which are about | 


Figure 5. 


Assembling the repeater 


ATEE TRANSACTIONS 


eS 


i Figure 6. Repeater circuit 


| 1/4 ampere at 20 volts for heater supply 

_ and plate potentials of 40 to 60 volts. 
| ~‘While the electron tube usually is the 
most vulnerable element in electric cir- 
cuits from the standpoint of life, atten- 
tion must be given to other elements— 
condensers, resistances, and coils—es- 
| pecially where they are subject to long- 
ae continued application of electric poten- 
| tials as in the case of power separation 
| 


filters. The factors that determine the 
life and performance of these elements are 
not completely under control. It was 
[ felt, however, that the best assurance on 
_ dependability could be obtained by care- 
Hl ful, conservative design and by manu- 
- facturing and assembling the elements 
into repeaters under the best possible 
conditions of cleanliness. An air-condi- 
tioned space was provided for this purpose 
at the Murray Hill Laboratory. In ad- 
_ dition to cleaning the air in this space, 
_ precautions were taken against the en- 
4 trance of dirt by other means, for ex- 
_ ample, on the clothing or persons of oper- 
ators. The humidity of the air was con- 
trolled carefully to prevent contamination 
from perspiration during handling of the 
parts. Manufacture was carried out by 
lected workmen, and the product was 
spected at various stages by engineers. 
view of one of the operations is given 
Figure 5. 


eld Trials 


Simulated laying tests in the laboratory 
ered a period of several years. Special 
ins had been taken to include as far as 
sible all aspects of the laying opera- 
tion, even those which were judged to be 
ee of hazard to the repeater. Tests also 
were made to determine the effect, if any, 
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of the laying operation upon the electric 
transmission characteristics of the cable. 
Likewise, comprehensive electrical tests 
had been made to insure that no unex- 
pected effects would be encountered 
because of the immersion of the repeater 
in water. 

A large-scale test was needed, how- 
ever, to establish the practicability of the 
repeatered cable. This is because the 
suspended length of cable trailing the ship 
may be as great as 10 n.m. or more during 
the laying operation, and in this length 
there occur complex mechanical phenom- 
ena which cannot be simulated in the 
laboratory with a great degree of assur- 
ance. After preliminary trials from a 
barge in Long Island Sound, a deep-water 
test of the repeatered cable was made in 
1948 in the Bahamas. The cable ship 
Lord Kelvin of the Western Union Tele- 
graph Company was chartered for the 
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purpose. Lengths of cable up to 15 n.m. 
were paid out along with repeaters in 
depths of water up to 2 n.m. Several 
repeaters were laid, measured while on the 
ocean bottom, and then hauled back to 
the ship, a procedure that involves much 
more severe treatment than a mere laying 
operation. The repeater shown in Figure 
1 experienced this treatment. Tests also 
were made with repeater housings con- 
taining specially designed accelerometers 
to determine the shocks resulting from 
possible abuse during laying. The results 
indicated that the repeaters as well as the 
cable could take the punishment with 
considerable margin of safety. 


The Transmission System 


Designing the electric circuit of the re- 
peater was largely a matter of getting the 
most out of the long-life electron tube in 
the way of stability of repeater gain and 
low modulation while obtaining as much 
gain as the system permits. For most 
efficient use of tubes and to simplify the 
structure a unidirectional repeater design 
was decided upon. 

The repeater employed in the Key 
West-Havana cables has three stages with 
negative feedback, the circuit being as 
shown in Figure 6. The gain frequency 
characteristic is shown in Figure 7. The 
transmission band is from 12 ke to 120 
ke. The insertion gain at 108 ke, the top 
frequency employed in traffic, is 65 dec- 
ibels. The repeater gain equalizes the 
loss of about 36 n.m. of cable, the attenu- 
ation frequency characteristic of which is 
shown in Figure 8. The characteristics 
of the earlier cables are also shown 
here. 
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characteristic of cable 


The layout of the new repeatered cable 
installation is shown in Figure 9. There 
are two cables, one for each direction of 
transmission. The East or Number 5 
cable, transmitting south, is 114.55 nm. 
in length. The West or Number 6 cable 
transmits north and is 124.97 n.m. in 
length. Each cable has three repeaters 
spaced approximately 36 n.m. apart. 
Two of the six repeaters are in a depth of 
0.9 n.m. and two in about 0.35 n.m. The 
last repeater in each cable is located as 
close as possible to deep water so as to 
strengthen the signal before it enters 
shallow water and land sections of cable 
where static noise and crosstalk might be 
picked up. In Havana the last repeater 
is located in a large vault on the beach. 
At Key West the last repeater is located 
close to Sand Key Light, where the water 
begins to deepen. 
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At manholes near the shore at both 
ends the cables are spliced directly to 
underground cables running in ducts to 
the terminal equipment at the offices, a 
distance of three miles at Havana and one 
mile at Key West. The underground 
cables have the same coaxial circuit as 
the submarine cables, but in place of the 
mechanical protection of jute and armor 
they are provided with electrical protec- 
tion of helical steel tapes, layers of paper, 
and over all a lead sheath. 

The 12 ke to 108 ke pass band yields 
24 channels in each cable, each channel 
occupying a band of 4 ke. The signal to 
noise ratio for these channels is about 
the same as for the same length of high- 
grade carrier-frequency circuit on land. 


The Cable 
The cable has a copper return, as in the 


case of the earlier installations, but differs 
from them in being insulated with poly- 
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ethylene. It also involves sophe new 
principles of design that render the cable 
circuit less subject to change of electrical 
characteristics caused by laying stre 
This is a matter of considerable impc 
tance in the case of a system with su 
merged repeaters, since after the cable h 
reached the bottom it is impossible to 
just the repeater to compensate fot 
changes in cable attenuation during lay- 
ing, a matter that in ordinary cables i 
taken care of by adjusting the equipme: 
on shore, 
In order to avoid undesirable irregulari- 
ties in transmission characteristics, spe 
precautions were taken during manufe 
ture to obtain a higher than usual deg 
of uniformity of the cable impedance 
seen by a repeater. Because of the wi 
transmission band, schemes heretofo 
employed for reducing the effect of 
variation of impedance among the co: 
lengths constituting the cable would ha 
called for core lengths so short as to i 
crease seriously the number of joints. 
The irregularities were, therefore, mi 
mized by careful control of conductor and 
insulation diameters and by continuousl} 
insulating lengths of the order of 12 n.m. 
cutting them only as was necessary fi 
handling, and reassembling the short 
lengths as far as possible in insulati 


flections caused by impedance irregulari 
ties. The success of this technique i 
evidenced by the impedance deviation 
curves shown in Figure 10. 

The structure of the cable is shown in 
Figures 1l and 12. The central conductor — 
consists of a solid wire 0.131 inch in diam-_ 
eter, on which are laid three copper tap 
surrounds, each 0.0145-inch thick and 
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Figure 9. Layout of repeatered cables 
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. 148-inch wide, closely conforming to the 
solid wire. The interstices of the con- 
uctor are filled with polyethylene. The 
tranded conductor, 0.160 inch in diam- 
ter, is insulated with polyethylene to a 
iameter of 0.460 inch. Directly on the 
polyethylene insulation is laid the return 
conductor comprising six copper tapes, 
Hach approximately 0.016-inch thick by 
0.241-inch wide, preshaped so that when 
i in place they conform to the surface of the 
insulation, Both the return tapes and the 
tape surrounds of the central conductor 
have left-hand lay. Over the return con- 
ductor is wound a teredo tape approxi- 
mately 0.003-inch thick with overlap. 
ee all is the cutched jute, the armor, 
‘and the outer jute serving to which are 
epclied the usual cable compounds. Four 
'types of armor are employed in the cable 
for use in various depths of water or for 
special shore conditions, 
_ The lengths of the various types of ar- 
mor, in nautical miles, as they appear in 
the two cables, starting at Key West are 
shown in Table I, 


Figure 10. Impedance deviation of cable 
sections 
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During the course of manufacture and 
in splicing on board ship, joints in the 
copper conductors were silver soldered. 
For joining the polyethylene insulation a 
special molding machine was designed and 
built by means of which polyethylene 
under high pressure and an elevated tem- 
perature was applied to the surfaces to be 
joined. 

The cable was manufactured by the 
Simplex Wire and Cable Company of 
Cambridge, Mass., and incorporated the 
results of a co-operative development pro- 
gram conducted by this company and the 
Bell Telephone Laboratories. The ex- 
cellent quality of the cable is a tribute to 
the manufacturer in this very difficult 
and exacting field. 


Terminal Equipment 


The transmission apparatus at Key 
West and Havana is mostly standard 
equipment employed in land-line carrier 
systems, and the operations involved in 
combining the 24 voice circuits into one 
band and separating them again are 
largely conventional, Special equalizers, 
power separation filters, and an auxiliary 
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Table |. Lengths (in Nautical Miles) of 
Various Types of Armor Used in Cables 
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Type Number 5 Cable Number 6 Cable 
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1S Ba APO PL oe: Ak oravenatalsta copies 4.39 
A pie OG. crate eel ereney auavevenecn 0.18 
AA OG ee erates vcr a 0.36 


amplifier had to be designed, and the 
standard transmitting amplifier used in 
the J system was modified to accom- 
modate the lower frequency band. A 
feature of particular interest is the equip- 
ment for testing the electrical condition of 
the repeaters from measurements at Key 
West. Each repeater contains a sharply 
tuned circuit by means of which the gain 
of the repeater is increased above normal 
at a distinctive frequency outside the 
transmission band of the repeater. With 
the aid of a loop circuit at Havana the 
gain with reduced feedback of the indi- 
vidual repeaters can be measured by 
scanning the test frequency region with 
an oscillator and detector at Key West. 
An indication of incipient decay of gain 
of any repeater thus is given. 

The power for the repeaters is sup- 
plied over the cable conductor from Key 
West. A positive potential of about 250 
volts is applied to one cable and —250 
volts to the other, with a loop connection 
between the two cables at Havana to 
complete the d-c circuit. This neutral 
point also is connected to ground. The 
current in the cable conductors is at pres- 
ent maintained at 0.23 ampere. A view 
of the rectifying and control equipment 
for one of the polarities is given in Figure 
13. Precautions are taken against in- 
terruption of the power supply to the 
cable and sensitive controls are provided 
to maintain the current constant in spite 
of earth currents and to guard against 
excessive currents or potentials in the 
cable system in case of trouble in the 
power supply or in the cable itself. 


Laying the Cables 


The laying of the cables was completed 
without undue incident by the cable ship 
Lord Kelvin. The task was one of un- 
usual difficulty, since modifications had 
to be made in the cable-laying gear, some 
of them untried, and it was particularly 
desirable that the prescribed lengths and 
courses be realized. 

Modifications were made in the cable- 
laying gear in order to obtain an addi- 
tional margin of safety in laying re- 
peaters. As indicated previously, the re- 
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Figure 11 (above). Cable structures 


Figure 12 (right). Cable types 


peater is capable of bending without 
harm on a diameter of approximately 72 
‘inches, and the existing cable drum, ap- 
proximately 68 inches in diameter, would 
have been adequate. It was felt desirable 
however, to build the drum on the Lord 
Kelvin out to an 85-inch diameter to 
match the diameter of the bow sheaves. 
The dynamometer sheaves and the 
sheave leading the cable off from the 
brake drum presented more of a problem. 
The lead-off sheave was replaced by a 
ring sheave, 85 inches in diameter, sup- 
ported on wheel bearings. The frame 
supporting these bearings was hinged at 
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one end and the pressure on the other end 
of the frame, caused by the tension of the 
cable passing over the sheave, offered a 
ready means for measuring this tension. 
For this purpose a resistance pressure cell 
was employed with a recorder, which not 
only gave a continuous record of tension, 
but also relayed the signals to a vertical 
indicator on deck for the guidance of the 
brake operator and to a smaller indicator 
on the bridge. This arrangement is shown 
in Figure 14. It is felt that it has much to 
recommend it over the conventional 
dynamometer from the standpoints of 
sensitivity and quickness of response. 
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It was important to measure the trans- 
mission characteristics of the repeatered 
cable before, during, and after laying, and : 
the special equipment needed for this 
purpose was more than could be contained 
in the electrician’s room usually provided 
on cable ships. The jointers’ store room 
accordingly was taken over and con- 
verted into an electrical laboratory, 
shown in Figure 15. Ss 4 

The cable, loaded on board the Lord 
Kelvin, with the deep-sea repeaters 
spliced in and stowed away in the tanks, 
arrived off Key West on April 21, 1950. 
Courses had been laid out for the two 
cables with the idea of keeping a 5-mile 
separation between the two most of the 
way and a 5-mile separation from the 
nearest of the cables that constitute the 
rather complicated network between Key 
West and Havana. It is hoped thereby 
to avoid having the new cables picked up 
by mistake in connection with the repair 
of other cables and to avoid confusing the 
two cables in case either one of them is in 


need of repairs. 

The stretch of water between Key West 
and Sand Key Light, a distance of about 
8 n.m., is too shallow for the operation of 
a ship of the size of the Lord Kelvin, so the 
sections of the two cables in this area had 
been laid from barges by the Long Lines 


Department of the American Telephone 
and Telegraph Company. At Havana a 
new landing place had been selected. Ex- 
perience with existing cables which land 
in Havana Harbor indicates that con- 
siderable deterioration of armor takes 
place in this locality, and there also is the 
anchor menace. In addition, closeness to 
an existing carrier frequéncy cable might 
have given rise to undesirable crosstalk. 
The new landing place at the foot of B 
Street in Havana is about three miles 
from the harbor. Figure 16 shows the 
landing site as viewed from the cable ship 
during the laying operation. A view of 
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Figure 13 (above). Terminal power supply 


Ring sheave and dyna- 


Figure 14 (above). 


mometer scale 


the interior of the vault on the Havana 
shore is given in Figure 17. 

After mark buoys had been put out at 
strategic points and at intervals of about 
12 n.m. along the course of the cable, the 
Key West shore end of Number 5 cable 
was picked up at Sand Key and spliced 
on to-the cable in the tanks. Then 32 
n.m, of this cable were paid out, and the 
end was buoyed at the point of final 
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splice. The ship then proceeded to 
Havana and landed the manhole repeater, 
which was spliced to the underground 
cable to the office. The ship then floated 
the end of the cable ashore on barrels with 
the aid of a line operated by a winch 
manned by Cuban Telephone Company 
personnel. As soon as the end reached 
shore it was spliced to the repeater, the 
barrels were cut off, the cable was dropped 
to the bottom, and the cable on ship- 
board was paid out until the point of final 
splice was reached, where the end on 
board was spliced to the previously 
buoyed end to complete the connection 
between Key West and Havana. 

The ship then returned to Havana, 
landed the end of Number 6 cable by 
means of barrels and winch line, and paid 
out cable to the point of final splice, 
which in this case was about four miles 
from Sand Key, The end of Number 6 
at Sand Key was then picked up, a re- 
peater was spliced to it and to the end of 
the cable in the tank, and the latter was 
paid out to the point of final splice. 
Within a short time after completing this 
splice, insulation measurements had been 
completed on the two cables, the power 
supply was connected in to activate the 
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Figure 17 (below). 


repeaters, and conversation over the 
cable system took place. 

Careful attention was given to the 
amount of slack paid out, that is, the ex- 
cess of cable length over the actual dis- 
tance traversed. The latter distance 
usually is determined by observing the 
length of a taut wire paid out continu- 
ously during the laying. In the absence of 
taut wire gear other methods had to be 
devised. Observations on buoys by 
radar and range finder provided almost 
continuous information regarding the 
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Figure 15. 


Electrical laboratory on board 
ship 


position of the ship and gave satisfactory 
information on slack. The conditions for 
cable laying between Key West and 
Havana are far from good. The Gulf 


Stream is swift and erratic. The velocity 
of the current at any particular point as 
indicated by the stream at the buoys was 
found to vary considerably over a fairly 
short period of time. As an indication of 
the degree of precision obtained by careful 
navigation of the ship, the final results 


Figure 16 (above). Havana landing site 


Repeater vault, showing splices and covered trough 
containing repeater 
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show that in each of the cables the speci- 
fied length was missed by only 0.2 n.m., 
which is quite an unusual achievement. 

Acknowledgment is made to the West- 
ern Union Telegraph Company, the 
owners of the Lord Kelvin, for their co- 
operation in providing the special equip- 
ment for the ship, and to the captain of 
the Lord Kelvin, his staff, and*crew, for 
the very satisfactory performance of the 
laying operation. 

Since the installation of the new system 


it has been subjected to comprehensive 
tests involving measurement of noise and 
intermodulation between channels, as 
well as precise measurements at numerous 
frequencies of net loss of the repeatered 
cables at intervals of time. The system 
has proved to be very stable and has met 
the requirements laid down for it. This 
was as expected. Nothing unfavorable 
to the submerged repeater has made itself 
felt, but in accordance with conservative 
submarine cable tradition, its performance 


will be observed critically over a period of 
time. 1) 
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Noise Evaluation of Fluorescent 


Lamp Ballasts 
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Synopsis: Noise testing of fluorescent lamp 
ballasts has been studied from a number of 
approaches and found unsatisfactory. A 
system has evolved which, if acceptable to 
the industry, may provide a basis for in- 
dustry specifications and standards regard- 
ing this type of measurement. Study and 
comment by industry is encouraged. 


HE fluorescent lamp is a gaseous 
discharge device, and therefore, if 
connected to a constant voltage source, it 
will draw more and more current until 
the lamp is destroyed. A ballast, or im- 
pedance, must be connected in series with 
the lamp to limit the current to the value 
for which the lamp was designed. Usu- 
ally, since these lamps require various 
voltages to start them, the ballast also 
includes a means for transforming the 
available circuit voltage to the proper 
voltage for starting the particular 
lamp. For 60-cycle alternating current 
systems, the most efficient means of limit- 
ing the current is by a reactor, and the 
usual device for voltage transformation 
is the transformer or autotransformer. 
Although many combinations now are in 
use for various lamps and for multilamp 
- operation, nearly all such devices are 
made up of laminated core structures of 
magnetic steel and copper windings. 
These assemblies, like other electro- 
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magnetic devices, are a source of audible 
radiation. Noise may be defined as un- 
desired audible radiations as contrasted 
to pleasing sounds, such as music. How- 
ever, under certain conditions any of these 
audible radiations may be undesired and, 
hence, become noise. Although many 
devices make noise of relatively high 
levels, such as the automobile, the vacuum 
cleaner, and the adding machine, to name 
a few, light sources through the ages have 
been relatively quiet. The early camp- 
fire was accompanied by a characteristic 
crackle, but more recent light sources such 
as the oil lamp, the candle, and the in- 
candescent electric lamps are almost de- 
void of noise. The past two decades have 
seen tremendous strides toward quieting 
of nearly all types of equipment, such as 
the automobile, the clock, and the electric 
refrigerator. However, the introduction 
of the fluorescent lamp brought an ap- 
preciable increase in noise to lighting of 
this type while the whole environment of 
modern man was enjoying a great reduc- 
tion of distracting noise from other de- 
vices. This made the job of the ballast 
designer a very difficult one because, com- 
pared to other electromagnetic devices, 
the ballast was relatively quiet, but in 
low noise level locations, the ballast was 
an irritating source of noise. 

The human ear varies greatly from in- 
dividual to individual and from time to 
time, but many exhaustive tests by 
hundreds of observers have established 
that the ear can detect frequencies as low 
as 20 or 30 cycles and it increases in sensi- 
tivity to a maximum in the vicinity of 
4,000 cycles. Sensitivity tapers off again 
and the ear can detect no noise at some 
point between 10,000 cycles and 16,000 
cycles, see Figure 1. (Figure 1 was taken 
from Z 24.2-1942.)! 
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The fluorescent lamp, because of its 
nonlinear impedance characteristics,draws 
current of high harmonic content through 
the ballast. As a result the ballast has a 
frequency spectrum very similar to the 
ear response curve. Typical frequency 
spectra of ballast noise are shown in 
Figure 2. The elimination of these har- 
monics of the 120-cycle fundamental 
would help to reduce noise and reduce its 
objectionable qualities, but little progress 
has been made along this line of attack. 

Noise generated by the ballast usually 
is greatly amplified by the lighting fixture 
in which it is used. The relationship be- 
tween the ballast as the generator of noise 
and the fixture as the amplifier of noise is 
shown in Figure 3. 

The noise generated by the energy 
source within the ballast is transmitted to 
the fixture by mechanical vibration of the 
ballast surfaces in contact with the fix- 
ture and by air-borne noise which im- 
pinges on the fixture surfaces. To evalu- 
ate completely the noise characteristics 
of a fluorescent ballast, both components 
which contribute to fixture noise must be 
considered. If any great progress in 
noise reduction is to be made, a method 
of measurement which will evaluate these 
components certainly is indispensable. 


Early Work 


Early noise evaluation was made by 
listening to the ballast alone in a low noise 
level area. The ballast was placed on a 


INTENSITY LEVEL IN DECIBELS 


FREQUENCY IN CYCLES PER SECOND 


Figure 1. Loudness level contours for response 
of the human ear with variations in the fre- 
quency of sound 
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Figure 2. 


Typical frequency spectra of fluorescent lamp ballasts 


(A) Measured noise level =37.0 decibels 
(B) Measured noise level = 46.0 decibels 


felt pad in a very quiet room, see Figure 4. 
A quick-acting switch later was incor- 
porated so that two ballasts could be 
operated on the same lamps, one at a time. 
By means of the switch, the lamps could 
be transferred from one ballast to the 
other. In this way, comparison was 
much easier. However, this method only 
evaluated the air-borne noise, and cor- 
relation with actual performance ina 
fixture was poor. Some work was done 
by listening with a stethoscope, which 
enabled the observer to place the probe 
of the stethoscope at various points on the 
ballast and then compare the vibration 
of one ballast against vibration of an- 
other. Experience has shown that the 
vibration of the ballast surface varies con- 
siderably from one point in the surface as 
compared with another point. The loca- 
tion and severity of vibration varies con- 
siderably from ballast to ballast, even of 
the same design. Therefore, a systematic 
and laborious comparison of many points 
on two ballasts under study would be re- 
quired. The observer then would be 
forced to make an over-all guess as to 
comparable quality after reviewing those 
comparisons and making some sort of 
mental integration of the over-all results 
for each ballast. This proved unsatis- 
factory, since the only way to evaluate an 
unknown unit was to compare it for 
audible noise and surface vibration, as 
described above, with some standard. 
With nothing better available, this sys- 
tem was used to evaluate development 
samples, results of design changes to re- 
duce noise, and as a spot check on produc- 
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tion. It was subject to numerous disad- 


vantages: 


1. The system was subject to the frailties 
of one pair of human ears per observer. 
For practical purposes, this meant one pair 
of ears for many tests, although on importart 
comparisons more observers were used. 


2. An observer is influenced by fatigue. 
After studying a few ballasts intently, he 
becomes nervous and doubtful of his own 
ears. He can rarely do consistent work for 
more than five or ten units at one period. 
If more units are tried, he will not be able 
to repeat results unless differences are very 
great. 


3. The system still had no numerical basis 
which could be repeated with any degree»: 
accuracy. 


Figure 4(A). Ear listening test employed to 
evaluate fluorescent ballast noise 
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Figure 3. Block diagram of the paths for 
transmission of ballast noise to the fluorescent 
lamp fixture 


4. The method was laborious, slow, and ex- 
pensive. 


5. As mentioned previously, it did not cor- 
relate particularly well with field experience. 


MEASUREMENT BY SOUND METER 


The next approach to this problem was 
to measure the noise of the ballast with a 
sound-level meter. A standard sound 
meter was used, with the standard 40- 
decibel weighted network, which dis- 
counts the high and low frequencies by 
about the same amount as the human ear 
for this level. The sound meter pickup 
was placed at various distances from the 
ballast in an attempt to get a reading 
that would represent ballast noise. With 
extremely low noise level surroundings, 
18-20 decibels, it was necessary to bring 


Figure 4(B). Listening , test incorporating the 


use of stethoscope 


AIEE TRANSACTIONS 


eee re An 


T20A Receiver 


4 CYCLE MOUNTS 


the pickup within one inch of the ballast 
to get readings high enough above the 
prevailing noise level of the room to pro- 
vide reliable readings, about 22 decibels. 
This is far less noise than that normally 
generated by many other electromagnetic 
devices which have become more or less 
accepted. There is some indication that 
the ballast noise acceptance level for most 
users is increasing, but it is far below that 
of most other electromagnetic equipment 
for the reasons outlined earlier—light 
sources have been essentially noiseless for 
many years. 

The method of direct noise measure- 
ment was not entirely satisfactory, but, 
for the first time, numerical values of 
noise could be determined. For these 
measurements to be of any value, the 
noise had to be measured at numerous 
points over the ballast surface and a 
weighted average had to be used. That 
is, it was recognized that noise emanating 
from the mounting areas and those sur- 
faces likely to be in contact with fixture 
surfaces would result more readily in a 
noisy fixture than the noise originating 
from other surfaces of the ballast. In the 
early work, four readings on the side op- 
posite the mounting surface and four 
readings on the mounting surface were 
used to describe the unit. No definite 
weighting scheme for the various readings 
was developed, because the system had 
other shortcomings which resulted in its 
discontinuance before such refinements 
could be made. These shortcomings were: 


1. Very quiet ballast could not be measured 
reliably even in an 18-decibel room with the 
pickup at one inch. 

2. There were many indications that re- 
sults of this method could not correlate 
reliably with actual listening tests on the 
ballasts when installed in representative 
fixtures. 


3. Considerable error could be introduced 
from small variations in setup, since the dis- 
tance from ballast surface to noise meter 
pickup was small. 


CONCRETE HoRN 


A device for amplification of readings 
was made by building a long concrete 
tunnel, which is shown in Figure 5. The 
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Figure 5(A) (above). Cross section of con- 
crete noise tunnel 


Concrete noise tunnel 


Figure 5(B) (below). 


length allows flat frequency response 
down to about 60 cycles. The ballast is 
inserted through the door near the large 
end of the horn. The rock wool absorbs 
all sound emanating in that direction, and 
the pickup at the small diameter collects 
noise emanating from the surface of the 
ballast facing the pickup. The entire 
structure is isolated by flexible mounts 
from the supporting floor. The heavy 
concrete walls greatly reduce the noise 
inside the tunnel caused by outside noise 
level. A very high gain amplifier was 


Figure 6. Parabolic reflector 
scheme of ballast noise meas- 
urement 


A—Noise meter pick-up at 
focal point of parabolic re- 
flector 
B—Ballast at focal point of the 
other parabolic reflector 
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used, and this device is still useful for 
certain engineering studies, but is subject 
to the same lack of correlation with fix- 
ture performance as the listening tests 
and the air-borne sound meter tests. 


PARABOLIC SOUND REFLECTORS 


Another method which has been used is 
to place the ballast at the focal point of a 
parabolic reflector several feet in diam- 
eter. Another identical reflector is 
placed some distance away, and the noise 
meter pickup is placed at the focal point 
of the second parabolic reflector (see 
Figure 6). This method probably was 
fairly successful in integrating the noise 
emanating from one area on the ballast. 
However, it had to be used in a very quiet 
location. Results were not very satisfac- 
tory. 

It became increasingly evident that 
some method of test was necessary that 
would: 


1. Amplify the ballast air-borne noise and 
its surface vibration in a manner similar to 
an actual fixture, dealing in both of these 
components. 

2. Produce repeatable readings to as high a 
degree of accuracy as possible. 

3. Evaluate a ballast with a single number 
which would be a fair representation of its 
performance in an actual fixture, in other 
words, place various ballasts in proper qual- 
ity order as corroborated by listening tests 
in various commercially available fixtures. 


Present Measurement System 


Dummy FIxTURE 


The present measurement system used 
by the authors appears to be a fairly good 
answer to the above requirements. It 
has been in use for about two years, and 
has had quite a few modifications and re- 
finements during the early part of that 
period. It is described here in the hope 
that others interested in this problem 
may use it, evaluate it, criticize it, im- 
prove it, and perhaps it may form the 
basis for an industry-wide method of 
noise evaluation. 

The system consists of a special dummy 
fixture A, Figure 7, approximately 4 feet 


PARABOLIG 
REFLECTOR 


long and suspended by isolating mount- 
ings, B. A collecting horn, C, is placed 
below the fixture by other independent 
isolating mounts, D. The horn collects 
noise emanating in a downward direction 
from the fixture and carries it to a stand- 
ard sound meter pickup. The ballast to 
be tested is placed on the horizontal sur- 
face by special meunts, H. These mounts 
may be adjusted for a particular ballast 
size, and subsequent mounting of these 
ballasts is a rapid and consistent opera- 
tion. 

The primary purpose of developing a 
ballast noise measurement system was to 
obtain a realistic noise quality number 
which would define the noise charac- 
teristic of any ballast. This test was de- 
signed to be a standard noise test for all 
fluorescent ballasts. In order that read- 
ings for today, tomorrow, next week, and 
next year could be compared, all variables 
except the ballast itself had to be investi- 
gated and carefully controlled. 

The first variable to be controlled or to 
be defined was the noise test fixture on 
which the ballast was to be mounted. 
Commercial fixtures vary greatly in de- 
sign and mechanical construction so that 
it seemed almost impossible to select a rep- 
resentative, “standard” fixture for this 
test. Since the ballast would be mounted 
in the fixture for the noise test, an open- 
type fixture appeared to be the most suit- 
able for this application. Most com- 
mercial fixtures completely enclose the 
ballast in a channel, so that the louvers 


or glass, lamps, aud reflector must be re- 
moved to remove or mount the ballast. 
The time required for such a procedure 
was considered prohibitive in a noise test 
fixture to be used for evaluating the noise 
characteristics of fluorescent ballast. 

Commercial fixtures vary in length from 
approximately 20 inches for the 15-watt 
lamp to 100 inches for the 96-inch slimline 
lamps, so that some compromise in length 
also was necessary. Ballasts vary in 
length from about 2 inches to 20 inches, so 
that it was decided to use a 48-inch fix- 
ture, since this length of fixture is widely 
used in 40-watt fluorescent lighting. 


MOouNTING 


Fluorescent ballasts normally are either 
mounted flush to the surface of the fixture 
or on embossed sections at the mountings. 
The flush mounting was subject to addi- 
tional variables because of the irregulari- 
ties both in the mounting surfaces of the 
ballast and in the fixture. Thus, it was 
necessary to select a method of mounting 
which would couple the ballast to the 
fixture without introducing variables in 
the mounting. Extensive testing with 
the fluorescent ballast mounted flush to 
the fixture with spring clamps indicated 
that large variations in ballast noise re- 
sulted from the irregularities in mounting 
surface and the spring clamps. To elim- 
inate these variables, the fluorescent 
ballast was spaced up 3/16-inch off the 
fixture surface on a square lock nut with a 
circular mounting surface one inchin diam- 


Figure 7. 
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Ballast and noise test 
tions of ballast, fixture, horn, and sound meter 


eter. This assembly is shown in Figure 
8, with the ballast mounted in position 
for noise test. 


Test LAMPS 


The fluorescent lamp, which is the load 
for the ballast, was subject to variations 
which also affected ballast noise. Noise 
tests conducted with new (seasoned for 
200 hours) and old lamps (near end of life) 
indicated that the noise level of the 40- 
watt ballast would be approximately two 
decibels higher with lamps which were 
near end of life. The fluorescent lamps 
used in this aging study were taken from 
the same lot of lamps. It also has been 
observed that as a fluorescent lamp warms 
up to its operating temperature and lamp 
watts become stable, the ballast noise 
level also becomes stabilized. The rela- 
tionship between the warm up of various 
lamps and ballast noise is plotted in 
Figure 9. The curves plotted in Figure 
9 were taken with three lamps of dif- 
ferent size and rating, to show the change 
in ballast noise level as the fluorescent 
lamp warms up. The errors encountered 
due to the age and temperature of the 
fluorescent lamps are not excessive, but 
these variations were particularly unde- 
whenever ballasts were tested 
during this warm-up period or after a 
change in lamps. To avoid these vari- 
ables, the lamps are replaced periodically, 
and a 30-minute, minimum lamp warm-up 
period is required before starting any 
ballast noise test. 
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|, STEEL - WRENGH, .05" THICK 


2. BRASS — SQUARE NUT, | 1/4" X 3/16" 
I" DIA. MOUNTING SURFACE 
1/4-28 TAP 


3. STEEL-WASHER, 3/4" X |" 1/8", 17/64" 1.D. 


4, STEEL-NUT, 1/4"-28, 7/16" HEX X 1/2" LONG 
| SLOT 1/16" WIDE X 1/8" DEEP 


5, STEEL—CAP SCREW, HEX HEAD, 1/428 X 
11/8" LONG 


6. BRASS—WASHER, |" 0.D. X 17/64" 1.0. X 
1/4" THICK 


The mounting of the fluorescent test 
lamps also presented a problem, since it 
was impractical to design a separate bal- 
last noise test fixture for each length of 
lamp. To simplify the test setup, the 
fluorescent lamps were removed phys- 
ically from the test fixture with circuits 
available for selecting any desired fluo- 
rescent lamp and ballast combination. 
The test circuit is wired so that the test 
lamps are operated continuously by a 
“stand-by” or auxiliary ballast, except 
during the actual time when the lamp 
load is switched to the ballast on the 
noise test fixture. This circuit is de- 
scribed in detail in Figure 10. With this 
arrangement it is possible to keep the 
lamps at a normal burning temperature 
during the intervals between individual 
test readings. The test lamps are mounted 
horizontally in the sound room, but the 
auxiliary ballasts are mounted outside, so 
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that they will not contribute to any in- 
crease in room noise. 


TEMPERATURE CONDITIONING 


In testing ballasts for developmental 
and production quality studies, it was 
realized very early that the temperature 
of the ballast also affected the recorded 
ballast noise level. Fluorescent ballasts 
in general do not generate the same am- 
plitude of noise at room temperature as 
they do at elevated temperatures, so that 
the ballasts must be compared at the same 
temperature to obtain repeatable noise 
data. The most consistent results have 
been obtained with the ballast conditioned 
in a 65 degrees centigrade ambient for a 
minimum period of four hours anda 
maximum of approximately 24 hours. 
The ballasts are conditioned in their 
normal operating position during this 
period, with the base of the ballast up. 


Hayes, Gould—Fluorescent Lamp Ballasts 


It is noted that in some installations the 
ballast may possibly be mounted base 
down, but the base-up conditioning elimi- 
nated most of the shifting of the core 
and coil in the warm potting compound 
during the conditioning period. It also is 
admitted that the user of the fluorescent 
ballast will hear the ballast first at room 
temperature, but as the ballast tempera- 
ture rises because of core and copper 
losses, the ballast will attain a ‘“‘hot’”’ 
condition. This variation of ballast noise 
with temperature is illustrated in Figure 
11. The fluorescent ballast, to have an 
acceptable noise characteristic, must be 
quiet both hot and cold. But, for the 
study of the effect of treatments, potting 
materials, core designs, and manufac- 
turing technique on ballast noise, the 
“hot” condition generally is the most 
critical and mest suitable for these evalua- 
tions. 


GENERAL FACTORS 


The purpose of controlling the varia- 
bles described is to make possible a re- 
liable, repeatable ballast noise test. The 
variables described in the measurement of 
ballast noise do not produce noisy bal- 
lasts, but, if uncontrolled in this test, in- 
dividual ballast noise levels would be al- 
most without value. These controls are 
extremely important in making decisions 
in ballast design which will insure a 
quieter fluorescent lamp ballast. 

In the adoption of a noise test fixture, 
it was realized that this fixture definitely 
would have a resonant frequency in the 
audio range near the fundamental or one 
of the many harmonics of the noise gen- 
erated by the ballast. 

The noise test fixture shown in Figure 8 
has a resonant frequency of approxi- 
mately 100 cycles per second. This reso- 
nant frequency has proved low enough 
to prevent errors as a result of fixture reso- 
nance. The gain of the combination of 
fixture and horn is approximately 12 
decibels. This is the gain in ballast noise 
level above the intensity of noise de- 
tected at one inch from the mounting 
surface of the ballast. Frequency spec- 
tra of ballast noise as measured at one 
inch in air may be compared with the 
noise amplified in the test fixture (see 
Figure 2). Such a comparison indicates 
that the dummy fixture produces a faith- 
ful amplification of the ballast noise. The 
ballast noise test assembly responds to 
both the air-borne and vibration-borne 
(mechanical coupling) components of 
ballast noise. As discussed previously, 
this type of test is more desirable than a 
measurement of only the air-borne com- 
ponent of ballast noise. This noise test 


577 


Figure 9 (left). 
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fixture has been proved more critical of 
ballast noise than any available com- 
mercial fluorescent fixture. 


CALIBRATION 


Several methods have been investi- 
gated for calibration of this ballast noise 
measurement system, stich as magnetic 
standards, standard ballasts, and air jets. 
The magnetic sources have not proved 
stable enough for calibrating the fixture, 
and the air jet does not generate suff- 
cient fixture vibration for calibration. 
The air-borne noise generated by the rush 
of air through the air jet can be used for 
calibrating the sound meter in the test 
assembly, but a nonpitched acoustic cali- 
brator is much more suitable for this pur- 
pose. The sound-level meter is cali- 
brated before each test period with the 
General Electric Company acoustic cali- 
brator, catalogue number 9,146,262-G1. 
The day-to-day variation in the sound 
meter has never exceeded more than 0.5 
decibel, so that errors in the sound meter 
are at a minimum. The fixture setup, 
including horn, sound meter, and ballast 
mounting are checked carefully before 
each test period. Specially prepared bal- 
lasts are used to check the gain of the 
equipment, so that a very close control is 
maintained on the entire ballast noise 
test. 

The control of the variables in fluo- 
rescent test lamps, ballasts, and noise test 
assembly has made possible a comparison 
of ballast noise data on designs built today 
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Figure 10. Circuit diagram of connections for 
ballast noise test with an auxiliary ballast 


with those assembled in the past or those 
to be assembled in the future. Listening 
tests are not employed for objective 
measurement of noise, but they do aid in 
correlating noise data with the response 
of the human ear. Data received from 
the many installations in the field provide 
a very important and helpful evaluation 
of the customers’ response to the ballast 
noise measured in the laboratory and the 
factory. 


Figure 12 (left). 
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APPLICATIONS 


The ballast noise test described in this 
report has had several important applica- 
tions. One of the most valuable has been 
as a tool for evaluating possible methods 
for reducing ballast noise. This has in- 
cluded evaluations of various ballast ce- 
ments, treatments, potting methods, core 
designs, and production assembly meth- 
ods. To make a change in process or de- 
sign without knowing its effect on noise 
would result in expensive factory trials 
and possible complaints if the change 
should be unsuccessful. Noise-study 
trials on a small sample basis are possible 
with this noise test, to evaluate the effect 
of the proposed change in methods or de- 
sign. After any change has proved suc- 
cessful on a sample basis, it can be placed 
in production with confidence that a noise 
reduction will be realized. Some changes 
may result in only small reductions in 
noise level, but an accumulation of such 
changes may result in noise reductions 
which are very significant. The noise 
test has made possible a complete noise 
evaluation of many ballast designs before 
the ballast ever reached the regular pro- 
duction floor. 

This noise test also can be used in main- 
taining a close watch on the noise quality 
of the ballast shipped to the customer. 
It is not, however, suitable for a 100 per 
cent check on all ballasts shipped to the 
customer. As stated previously, this test 
is too lengthy and would be too expen- 
sive for such a purpose. 
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A quality sam-_ 


pling of ballasts from the production line is 
possible, however, and has proved very 
useful in detecting and correcting any 
tendency toward increase in noise level of 
production units (see Figure 12). 


PRODUCTION TESTING 


_Noise ambients on the production line 
range from 70 to 80 decibels, so that it is 
not practical to attempt to obtain the 20- 
decibel noise ambient, recorded in the 
sound room. Such ambients can not be 
obtained easily on the production floor, so 
that some other system must be employed 
for the production noise test. The 100 
per cent production noise test is not im- 
possible, and two promising methods are 
available. The primary requirement of 
any method for testing production noise 
is that it must reject all ballasts above an 
established, acceptable limit for ballast 
noise. This limit may be established 
either to control the over-all noise level of 
ballast installations or merely to reject 
only the ballasts with extremely high 
noise levels (buzzers). 

Testing experience has proved that a 
ballast which is considered objectionable 
in a fluorescent fixture also will have a 
very high component of air-borne noise. 
Construction of a sound box for detecting 
extremely high noise levels is possible 
even for use on the factory floor with a 
70-80-decibel ambient. This sound box 
is assembled by placing one box or more 
within another, acoustically isolated, so 
as to obtain about a 50-decibel am- 
bient. A measurement then is made of 
the air-borne component of ballast noise, 


_ with “buzzers’’ producing readings as 


high as 70 decibels. 
Another system which is even more 
suited for production testing is a measure- 


- ment of ballast vibration. Close correla- 


tion has been found not only between ob- 
jectionable ballast noise and the air- 


_ borne component, but also between bal- 


last noise and case vibration. Early tests 
indicated that very little correlation ex- 
ists between the over-all ballast noise 
level and ballast vibration measured over 
very small areas, so that a single-point 
measurement of vibration is not satis- 
factory for noise testing. Measurement 
of vibration over a relatively large area 
of the ballast mounting surface does, 
however, correlate with ballast noise. 
This test can be simply accomplished by 
the use of several (crystal) vibration 
pickups or by using a single-contact 
microphone attached to a special mount- 
ing plate. Thus, with the ballast excited 
while in contact with the vibration pick- 
ups or mounting plate, the relative am- 
plitude of the measured vibration corre- 
lates with fixture noise levels. By prop- 
erly isolating the crystal pickups from 
external vibration, it is possible to obtain 
relatively low ambients, so that this test 
is quite suitable for production noise 
testing. 

It is to be noted that whatever system 
may be employed on the production line, 
that system must separate the ‘‘good”’ 
from the ‘“‘bad.”” This means that, first of 
all, some absolute system of noise meas- 
urement is needed to determine accept- 
able noise levels and to maintain a con- 
tinuous check on the production noise 
test. Without a standard ballast noise 
test, no correlation can be expected among 
the many systems employed to determine 
acceptable noise levels or to define a 
“quiet” ballast. 


Conclusions 


The system for the measurement of 
ballast noise described in this paper has 
been proved very reliable in comparing 
the noise levels of the many fluorescent 
ballasts manufactured today. Experience 
with this test equipment indicates that 
with the variables of mounting, heating, 
and fluorescent lamps closely controlled, 


it is possible to obtain reproducible noise 
data. The data obtained are not only re- 
producible, but also correlate with actual 
noise tests on commercial fluorescent 
fixtures. 

The noise levels recorded with test 
equipment can be used to advantage in 
rating ballasts from the various ballast 
manufacturers. Such a rating is illus- 
trated in Figure 13. The limit for ac- 
ceptable ballast noise level shown at 40 
decibels will not hold true for all installa- 
tions; but it is representative of what 
generally will be acceptable for most users 
of fluorescent lighting. These readings 
were recorded with the General Electric 
sound-level meter using the 40-decibel 
weighting network. It is recognized that 
some ballasts have different frequency 
characteristi¢ts, but field experience has 
indicated that these noise ratings gener- 
ally are true. With the rapid changes in 
ballast design and manufacturing tech- 
nique it is hoped that a much lower limit 
may be established in the near future. 

The noise-measuring system as pre- 
sented in this paper is by no means com- 
plete, and it is hoped that others will try 
this system so that further improvements 
may be possible. It is felt that this meas- 
uring system has been developed far 
enough to be considered by others who 
are concerned with the problems of ballast 
noise and its measurement. During the 
past few years the user of fluorescent light- 
ing has become very conscious of the exist- 
ence of ballast noise. He does not accept 
noise willingly as a necesary part of 
fluorescent lighting. This undesirable 
characteristic must be eliminated as soon 
as possible, if the fluorescent lamp is to be 
completely acceptable for all lighting ap- 
plications. 


Reference 


1. Norse MeasuReMentT. Z24.2-1942, American 
Standards Association (New York, N. Y.), 1942. 


Tt 


1951, VoLumeE 70 


' No Discussion 


Hayes, Gould—Fluorescent Lamp Ballasts 


579 


Progress in the Development of 


Large Turbine Generators 


E. D. HUNTLEY 


MEMBER AIEE 


ORE THAN 20 years have elapsed 

since the presentation of the last 
general descriptive papers’? on this sub- 
ject by writers connected with the General 
Electric Company, and the whole com- 
plexion of turbine generator designs has 
changed radically since that time. It 
might even be said that today’s designs 
are the products of a new generation, with 
some of the progress resulting from im- 
provement and extension of principles 
given to us by previous generations and 
proof by experience of their courageous 
pioneering, while other departures are 
much more radical. It therefore seems 
appropriate to review the progress which 
has been made. This progress has 
touched practically all aspects of turbine 
generators. In 1929, 60-cycle generators 
larger than about 15,625 kva rating were 
designed for a speed of 1,800 rpm; and 
62,500 kva was considered quite a large 
rating. All turbine generators were air- 
cooled, practically all being designed for 
closed-circuit cooling, with finned-tube 
coolers located beneath the generator. 
Since then, hydrogen cooling has super- 
seded air-cooling in practically all new 
machines for central-station service; and 
a tremendous growth of about ten to one 
has taken place in the size of 2-pole 3,600 
rpm generators. This paper is intended 
to give a general survey of these changes, 
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with a description of some of the more 
interesting and important design features 
which contribute to the reliability, eff- 
ciency, and good operation of present-day 
machines; and a final section deals with 
the continuing increase in size of 3,600 
rpm generators. 


Hydrogen Features 


The use of hydrogen as a cooling me- 
dium for rotating electrical machines has 
been so well covered by previous 
papers,* ° that little space can be justified 
for the general subject here. Neverthe- 
less, the advantages of using hydrogen are 
greatest in large high-speed generators 
such as the turbine driven type, and have 
been so well recognized that air cooled 
machines are now seldom built for 60 
cycle ratings larger than about 15,625 
kva for use in the United States. This 
did not come about all at once. The 
first hydrogen cooled generator was 
ordered in 1935, and put in operation in 
1937. However, even before this pioneer 
machine was built, many operating com- 
panies were convinced of the value of 
hydrogen cooling, probably because of the 
earlier success achieved with synchronous 
condensers. About 20 per cent of the 
orders received by the General Electric 
Company in 1936 for turbine generators 
of 12,500 kva rating, and larger, were for 
hydrogen cooled machines. This per- 
centage has continually increased; 
amounting to 35 per cent in 1937, 50 per 
cent in 1940, and about 90 per cent in 
1946. Not including 15,625 kva and 
smaller ratings, the present percentage is 
practically 100 per cent. Since 1935, 
the authors’ company has received orders 
for 450 hydrogen cooled generators total- 
ling approximately 28,000,000 kva rating; 
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and 264 of these are in service (as of — 
October 1, 1950). Hi 

The first ten years of operating ex- — 
perience with hydrogen cooled generators 
established an extremely good record for _ 
reliability of these new type machines. — 
Those built by General Electric Com- — 
pany all employed auxiliary equipment 
for vacuum treatment of the shaft seal- _ 
ing oil, with pumps, tanks, float valves, — 
regulating valves, and various provisions _ 
for emergency operation in case of failure 
of any of these auxiliaries. This vacuum — 
system appeared rather complex to the 
uninitiated, but was so well thought out _ 
and built that in 10-years’ operation of all _ 
the 132 generators in service there was — 
not a single major service interruption — 
chargeable to the hydrogen features. | 
This does not mean that all the auxiliaries — 
performed perfectly all the time, but, — 
that such troubles as did occur were of a : 
relatively minor nature, and had been — 
backed up in such a way as to avoid the © 
necessity for taking the generator out of : 
service. In the llth year, this record — 
was broken, and a service outage occurred _ 
on one machine because of a succession of _ 
events, starting with leakage of air into — 
the main seal oil pump caused by loose 4 
bolts on the pump suction flange, and — 
including failure of some alarm devices to _ 
function properly, and misoperation by — 
the station’ personnel. Such combina- — 
tions of circumstances are quite rare, i 
which serves to emphasize the reliability 
of the vacuum system of hydrogen auxi- — 
liaries when properly installed and oper- _ 
ated. i 

A new simplified hydrogen system was _ 
developed several years ago by the © 
General Electric Company, and has been 
used on a considerable number of ma- — 
chines. This is known as the Continuous _ 
Scavenging System, which has been de- — 
scribed in a recent paper.!° It does away _ 
with the use of vacuum treated oil, and — 
materially cuts down the number and — 
size of the auxiliaries, so that the opera- _ 
tion is greatly simplified, and the floor | 
space required for the auxiliary equip- 
ment is materially reduced. A compari- — 
son of the sealing oil auxiliaries for the — 
older vacuum treating system and the 
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Comparison of auxiliary seal oil 
supply units for vacuum system (above) and 
continuous scavenging system (below, to same 
scale) 


Figure 1. 


newer continuous scavenging system is 
shown in Figure 1. Operating experience 
has thoroughly proved the reliability of 
the new system. It is now a standard 
feature on all but the largest sizes of new 
hydrogen cooled turbine-generators, and 
will probably be used also on the larger 
sizes within another year or two. 


Improvements in Ventilation 


Internal ventilation of turbine gener- 
ator fields was a major improvement of 
the 1920’s. In those days, this ventila- 
tion was arranged to flow axially inward 
from the ends of the rotor through sub- 
slots or tunnels just underneath the 
field coil slots, atid was discharged radially 
through holes drilled in the teeth between 
the field coils. In the 1930’s, an im- 
proved type of ventilation was applied to 
_ the larger two-pole rotors then being de- 

veloped, wherein the tunnels or subslots 
were superseded by narrow ventilating 
slots cut directly in the teeth and closed 
by small wedges through which dis- 
charge holes were drilled in the central 
portion of the rotor. These tooth ventila- 
tion ducts had a double advantage over 
the tunnels, in that they provided a more 
direct path for the flow of heat from the 
field coils into the ventilating ducts. 
These ducts also relieved the mechanical 
duty on the roots of the teeth caused by 
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centrifugal force, so that more copper 
could be carried in the field slots for the 
same limiting tooth root stress. This 
construction was particularly adapted for 
use in 2-pole designs on account of the 
more pronounced taper of the teeth as 
compared with 4-pole machines. A more 
recent improvement in rotor ventilation 
employs both sub slots and tooth ventila- 
tion ducts as in Figure 2, which shows a 
full-size model of a section of a generator 
field structure. This arrangement prac- 
tically surrounds the field coil with active 
ventilation so as to achieve a minimum 
temperature rise, together with improved 
uniformity in the radial distribution of 
the temperature in the various turns of 
the field winding. The advantages of 
this construction are fairly obvious, so 
much so, that it was suggested repeatedly 
by many different designers. It was not 
adopted, however, until a suitable means 
was devised for discharging the ventilat- 
ing gas from the tunnel without unduly 
impairing the strength of the tooth root 
structure. This has been accomplished 
by drilling a number of radial holes in the 
central part of the rotor down from the 
ventilating slot in each tooth deep enough 
to be alongside of the sub-slot, from 
which a matching hole is drilled circum- 
ferentially to meet it. One of these cir- 
cumferential holes can be seen in the near 
corner of the model in Figure 2. It will 
also be observed that the sub slot has 
been widened at this spot by means of a 
radial drill of the same diameter as the 
width of the main coil slot. Many 
visitors at the General Electric factory 
become highly curious as to how this cir- 
cumferential hole is drilled near the 
bottom of a fairly deep slot. It is really 
quite simple, as the drilling device con- 
sists of a train of spur gears carried be- 
tween two steel plates, and driven by a 
motor. This assembly fits down into the 
slot with a considerable clearance. The 
bottom member of the gear train carries 
a small end mill projecting from the side 
of one of the supporting plates. The 
whole device is arranged to swing on a set 
of pivots located in a framework which 
clamps to the surface of the rotor, and the 
hole is drilled simply by starting the 
driving motor and swinging the assembly 
so that the end mill cuts through at the 
proper place near the bottom of the slot. 
Anticipated difficulties with this opera- 
tion did not materialize, and this con- 
struction has now been used for several 
years. It is particularly adapted to the 
larger size 3,600 rpm 2-pole generators, 
where the radial depth of the copper 
field coils is somewhat limited by me- 
chanical considerations. 
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Figure 2. Model of generator field structure 
showing combined tooth duct and tunnel 
ventilating system 


Propeller type fans have long ago been 
found to be better adapted to the ventila- 
tion of 3,600 rpm generators than the 
older centrifugal fans, partly because they 
are more efficient, but also because the 
inlet conditions are more favorable and a 
more compact design can be arranged. 
The centrifugal fans require that the 
inlet gas must flow through an annular 
opening between the shroud ring and the 
shaft, which is a very serious limitation 
in the case of large high-speed generators. 
With propeller type fans, however, there 
is no such limitation. For these reasons, 
propeller fans have been standard now 
for quite a number of years on the larger 
3,600 rpm generators. One difficulty, 
however, was observed and corrected 
when they were first applied. This is the 
matter of the distribution of the total 
ventilating flow among the various paral- 
lel circuits of the multiple radial ventilat- 
ing system, which has long been standard. 
The axial discharge from the propeller 
fans quite naturally favored the circuits 
through the ends of the machine (directly 
into the air gap) at the expense of the cir- 
cuits employing inlet sections in the 
central part of core structure. This is in 
contrast to the tendency of the centrif- 
ugal fans, with radial discharge, which 
favored the core inlet sections. This 
shift in distribution of flow of ventilating 
gas caused by changing over to propeller 
type fans was readily corrected by the use 
of baffles, and as this was provided for on 
the first hydrogen cooled generators em- 
ploying propeller fans, no difficulties have 
resulted. As a matter of fact, very com- 
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Figure 3. Hydrogen-cooled turbine generator with welded steel plate 
end shields having removable bearing caps and access ports; 


also 


showing vertical cooler arrangement 


plete tests on this point were carried out 
in a special half-scale model set-up, which 
was operated with propeller fans over a 
period of a year or more with various 
combinations of duct and fan and baffle 
The results of these tests 
are quite detailed and are beyond the 


arrangements. 


However, 
the work may be summarized by the 


scope of the present paper. 


statement that optimum arrangements 
were determined and have been used to 
advantage in the design of ever larger 
6,600 rpm generators. 

These developments in the ventilation 
of both stator and rotor have been most 
fruitful, as the temperature rises of the 
windings in new generators which have 
been designed to take advantage of these 
improvements have proved to be very 
conservative. This will be touched upon 
somewhat further in the last section of 
this paper. 


Mechanical Improvements 


Most of the earliest hydrogen-cooled 
turbine generators employed heavy split 
cast steel end shields, designed both to 
withstand possible explosion pressures 
safely, and to support the main bearings. 
Such castings proved to be rather ex- 
pensive and were often porous. Much 
trouble was experienced in their manu 
facture, since defects frequently were not 
discovered until the parts were nearly 
finished, so that extra costs and annoying 
delays were caused by the necessity of 
major repairs. In addition, it was a 
tedious and fussy job to fit the top and 
bottom half-shields together in such a 
way as to make a gas- and oil-tight joint, 
and at the same time to clamp the bearing 
properly, A major improvement was 
made several years ago by changing the 
end shields over to fabricated construc- 
tion, using welded steel plates. This elim- 
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inated the casting troubles completely. 
At the same time, the basic design was 
Inspection 
holes with readily removable cover plates 
were provided in the top half shields for 
convenient access to the inside of the 
machine at each end. 


changed in several ways. 


Separate bearing 
caps were made, apart from the top half 
shields, so that the fitting of the shields 
and bearings was greatly facilitated. 
Also, the hydrogen seals were divorced 
from the bearings and mounted on the 
shields, so that with this construction it 
was possible to roll out the bearings for 
inspection without removing the top half 
end shields, and without purging the gen- 
erator casing of hydrogen. This type of 
shield construction is illustrated in Figure 
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An annoying characteristic of many of 
the large early 3,600 rpm generators, was 
the magnetic double-frequency vibra- 
tion caused by elliptical distortion of the 
stator core and frame by the magnetic 
pull of the 2-pole rotor on the inside of the 
core, This vibration appeared and dis- 
appeared as voltage was built up or re- 
duced on the armature winding. It was 
usually communicated to the machine 
foundation and adjacent parts of the 
power station, such as beams, floor plates, 
instrument panels, and gauges. The re- 
sulting vibration and noise were often 
disagreeable and occasionally destruc- 
tive—especially if there happened to be a 
condition of vibrational resonance which 
resulted in magnification of the rather 
small amplitudes transmitted from the 
machine, This magnetic core vibration 
is isolated from the frame in modern 
machines by an elastic core suspension, 
as has been described in previous 
papers,'"!? so that it is ordinarily im- 
possible to tell by touch or by ear when 
excitation is applied, Another type of 
double-frequeney vibration, independent 
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both of excitation and mechanical bal- 
ance, has occasionally shown up on the 
machine bearings or on overhung portions 
of the shaft such as the collector. This is 
associated with the slight difference in 
the bending stiffness of the 2-pole rotor 
between the polar axis and the axis 
through the slotted region of the field 
body, which may give the rotor a tend- 
ency to rise and fall ever so slightly twice 
per revolution.!1% In the authors’ ex- 
perience, this mechanical double-fre- 
quency vibration of the rotor has been 
much less serious than the magnetic 
vibration of the stator core, and has 
never caused any serious operating 
trouble. In fact, it has seldom been large 
enough to be noticeable, and then only in 
cases involving mechanical resonance of 
the whole machine and foundation struc- 
ture. Since these cases of resonance are 
practically impossible to predict, it has 
become standard practice on large ma- 
chines to reduce the stimulation by partial 
compensation of the inequality of the 
field body stiffness so as to insure smooth 
operation within fine limits in all cases. 
An improved arrangement of the 
hydrogen gas coolers, mounted inside the 
generator frame, gives a number of ad- 
vantages, as compared with older designs 
usually employing four coolers running 
lengthwise of the generator. Vertical 
coolers mounted at the four corners of the 
machine (Figure 3), permit a simpler, 
stronger, lighter frame design, and facili- 
tate manufacture; especially with re- 
spect to cleaning out chips, ete, But, 
more important, this arrangement makes 
it easy to keep the cooler water-boxes, 
gaskets, and all piping outside of the gas 
space, thus eliminating several possible 
sources of troublesome water leaks inside 
the generator. 
ranged below the operating floor, out of 
the way. And the coolers can be as- 
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Also the piping is ar-— 


Figure 4. Two 125,000 kva 1,800 rpm hydrogen-cooled turbine © 
generators, each with six vertical coolers 


sembled or removed much more readily 
by simply using light crane facilities. 
Very large machines may employ six or 
eight vertical coolers, as in Figure 4. 


Improvements in Insulation 


‘There are three major insulating func- 
tions in ‘large turbine generators: (1) in- 
sulation of the relatively low voltage 
d-c field windings, which must stand up 
under severe centrifugal loading and 
thermal expansion; (2) insulation of the 
high voltage a-c armature coils, which 
have no centrifugal forces but are sub- 
ject to thermal expansion stresses and 
must withstand severe mechanical shocks 
and occasionally voltage surges at times 
of system disturbances; and (3) insula- 
tion of the segmental core laminations 
against eddy current losses and heating. 
Significant improvements in all three of 
these insulations have been made in re- 
cent years. 

Mica tape made with a copal type 
varnish and applied with shellac was the 
standard turn insulation for turbine gen- 
erator field windings for many years prior 
to the rapid increase in size of 3,600 rpm 
machines, beginning in 1935. This tape 
proved to be inadequate to withstand the 
increased centrifugal pressures in the large 
3,600 rpm fields designed with copper 
windings (although it was quite satis- 
factory with aluminum windings), and it 
was superseded between 1935 and 1940 
by two improved insulations: (1) hard- 
pressed sheet mica of high quality con- 
taining very little binder, used as a sep- 
arator between turns; and (2) a glass 
cloth-backed mica tape made with a 
synthetic resin base varnish. These 
were both used for a period of years, the 
separators on the larger machines, and 
the tape on the smaller ones. It was rec- 
ognized that the separators were ad- 
vantageous in the slot region, giving a 
better space factor. The tape was ad- 
vantageous for the end portions, as it 
would stay in place better, although both 
had been found quite satisfactory in serv- 
ice in both regions. Present practice on 
all of the larger machines employs the 
logical combination of double separators 
in the slots and tape around the ends, 
the tape being applied to alternate turns 
and enclosing single separators. This 
turn insulation has been proven to be 
completely reliable both by severe labora- 
tory tests and by many years of service. 
Less drastic changes have been made in 
the ground insulation for field windings, 
consisting of molded U-shaped armors for 
the slot region made of sheet mica pro- 
tected by asbestos cloth, all impregnated 
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with suitable varnishes to give the de- 
sired strength and toughness. The var- 
nishes have been changed to synthetic 
types; and a thin protective layer of 
glasbestos cloth (made of a combination 
of glass and asbestos fibers) has been 
added on the inside of the U, so that the 
mica is now sandwiched between protec- 
tive coverings. The previous slot armors 
have been virtually free of trouble for 
many years, and the new ones are even 
better. At the ends of the coils, where 
the entire coil sections were previously 
taped with half-lapped layers of mica and 
asbestos tapes, the coils are now left bare 
for improved ventilation, and the ground 
insulation consists of a cylindrical ring 
between the coils and the retaining ring, 
molded of mica and asbestos cloth like 
the slot armors. The coil ends are sep- 
arated from each other and blocked se- 
curely in place both axially and circum- 
ferentially by accurately fitted insulating 
blocks, made of asbestos cloth base 
Textolite. This construction is illus- 
trated in Figure 5, which also shows the 
large radius corners of the field coils, 
which permit thermal expansion to take 
place without excessive bending stresses 
in the coil material. 


Reliability in service has been an out- 
standing characteristic of the high-volt- 
age insulation used for large turbine gen- 
erator armature coils. The annual 
Edison Electric Institute reports showing 
the outage hours credited to various 
causes, reveals that over the years 1940 
to 1947 (the last year reported), machines 
were available for operation, as far as 
armature insulation is concerned, 99.871 
per cent of the demand time. Expressed 
in another way, armature insulation has 
been available for service 799 out of every 
800 machine operating years. No failures 
connected with girth cracks or tape sep- 
aration have been experienced in any 
hydrogen-cooled machines. It is believed 
that this record has been achieved by 
virtue of a program of continual improve- 
ments in the methods of applying this 
insulation. Such changes as better as- 
phaltic type varnishes and compounds, 
more exacting manufacturing techniques, 
more searching methods of inspection, 
and the application of quality control 
methods have continually raised the 
mechanical and dielectric characteristics 
of the finished coils. With regard to 
manufacturing, the sequence of the com- 
pounding operation has been changed in 
such a way as to produce a denser, more 
completely filled coil. Moulding opera- 
tions have been modified, obtaining a 
marked increase in dielectric strength. 
Handling operations in the shop have 
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been safeguarded in many ways, elimi- 
nating accidental damage during manu- 
facture. New inspection routines have 
been established and increased testing 
facilities provided to continually check 
and control earlier operations. New ma- 
terials include an improved vertical sep- 
arator, serving as an insulating bond be- 
tween the two tiers of strands in the 
Roebel type transposed bars or half coils, 
the separator being made of glasbestos 
cloth (glass and asbestos) treated with a 
synthetic varnish which is excellent both 
as insulation and as a binder. On the 
surface of the slot portion of the coils, a 
coat of moderately high resistance varnish 
is applied for corona protection, supple- 
mented at the ends outside the core by a 
much higher resistance coating which 
serves to taper off the potential gradient 
and minimize any concentration which 
might cause discharges. Perhaps the 
most important change in materials has 
been the elimination of Class A insulating 
materials formerly used, such as cotton 
tape, fiber fillers, linen cord, cambric tape 
(on loops, connections, terminals). These 
have been replaced by Class B materials: 
glass tape, asbestos fillers, glass cord, 
and glass-backed mica tape; so that the 
winding can realistically be called Class B 
throughout, from terminal to terminal. 
With these new features, the reliability of 
high-voltage insulation on the stator coils 
of large turbine generators can be counted 
upon to be even greater than would be 
indicated by the excellent records set in 
the past years. 

Simultaneously with these improve- 
ments, extensive laboratory work on the 
use of new insulating materials has been 
carried on. In spite of all this work, mica 
remains the backbone of high-voltage in- 
sulation. However, new stickers and 
compounds and new forms of mica give 


Figure 5. Close up view of end portion of 
revolving field of turbine generator with re- 
taining ring removed to show ends of field coils 


583 


considerable promise for the future. A 
number of the most promising combina- 
tions are now undergoing severe tests. 
In view of the excellent performance of 
presently used insulation, and the very 
small percentage increase in machine 
availability obtainable even with a per- 
fect insulating system, it is felt that new 
insulations must undergo the most rigor- 
ous testing procedures, and even more 
important, must prove themselves in 
actual service on suitable machines before 
riskifig the reliability of many major 
units. In short, an insulation change 
should be an evolutionary process, not a 
revolutionary one. 

Major improvements have been made 
in core plate enamel within the last dec- 
ade, and the flash process of applying it 
to the punchings of turbine generators has 
been superseded. In the first place, the 
somewhat rough pickled surface of the 
sheet steel punchings themselves has 
been made comparatively smooth by a 
special cold rolling operation which is 
carefully controlled to avoid increase of 
magnetic losses. This is a basic improve- 
ment, as it is next to impossible to put a 
good thin insulating film on a rough 
pickled surface. Secondly, a new type of 
enamel is used, made of a thermo-setting 
synthetic resin, mixed with a consider- 
able percentage of inorganic material— 
finely divided silica particles. When prop- 
erly baked, the enamel “sets up’? and 
thereafter cannot be softened by any 
amount of heat, even to the extent of 
burning it off. And even if it should be 
deliberately burned off (as is done regu- 
larly for test purposes on sample punch- 
ings) there is a residue of silica which 
forms a very effective insulating barrier 
or firewall. Thirdly, new baking type 
ovens have been provided for applying 
the new enamel, with adequate controls 
to insure proper baking to produce a hard, 
tough film. Finally, inspection tech- 
niques have been greatly improved, and 
the quality of the finished punchings is 
controlled by insulation tests on frequent 
samples of the actual punchings, under 
heat and pressure conditions more severe 
than exist in service. This enamel does 
not absorb moisture, as do straight in- 
organic films such as water glass, and 
organic ones made of cellulose paper; 
and it has such excellent insulatin g prop- 
erties that no supplementary insulation 
is needed in the core. Its heat resistant 
properties are so good that it has been 
used successfully in special high-tempera- 
ture cores for small motors and gener- 
ators in which silicone insulated coils have 
been capitalized for reduction in dimen- 
sions and weight. 
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Improved Field Coil Materials 


The need for improvement of the 
mechanical strength of field coils in large 
turbine generators was recognized by 
different generator designers in the 
United States and in Europe at dif- 
ferent times, depending upon their ex- 
perience with and observations of diffi- 
culties arising from the thermal expansion 
of field coils in large machines, particu- 
larly machines which were frequently 
stopped and started. There have long 
since been enough such difficulties, re- 
sulting from distorted coils, grounds and 
short circuited turns, so that the problem 
has been well recognized, and quite well 
covered by previous papers.14~"” How- 
ever, for greater clarity, a brief statement 
of the problem is included. It was uni- 
versal practice for many years to employ 
ordinary soft annealed copper for the 
field coils of turbine generators. Large 
machines require rotating fields of great 
length and considerable diameter, subject 
to high centrifugal forces. The centrif- 
ugal forces tend to clamp the field coils 
against wedges carried in the solid steel 
field body, in such a way as to restrain 
them at least partially against thermal ex- 
pansion relative to the body. In normal 
operation a machine is brought up to 
speed after a shut down with the field 
winding and the field body at about equal 
temperature, possibly room temperature 
if the shut down has been of considerable 
duration, When carrying load, the coils 
tend to expand considerably more than 
the field body, partly because of the dif- 
ference in temperature between the cop- 
per and steel corresponding to the thermal 
drop through the insulation, and partly 
because of the higher coefficient of ex- 
pansion of the copper as compared with 
the steel. As a result of this differential 
expansion being largely restrained by the 
friction imposed by centrifugal force, a 
considerable compressive stress is built 
up in the coil material, which might easily 
exceed the elastic limit of the copper, or 
possibly the coil might tend to buckle in 
some way. Generally, the coil does not 
buckle, but instead the material may be 
upset in compression, in such a way that 
when the machine is shut down and al- 
lowed to cool off, the entire coil or warmer 
turns of the coil contract slightly, suf- 
fering a permanent plastic deformation. 
With successive cycles of service (start- 
ing, carrying load, and stopping) the coil 
or some of its turns would start each time 
from a new position, and would suffer 
progressive contraction, which in time 
may be enough to cause serious trouble. 

Two fairly obvious solutions to this 
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problem were apparent: (1) to change 
the operating procedure in such a way as 
to expand the coils prior to their being 
clamped by centrifugal force; and (2) to 
produce field coils of sufficiently high 
mechanical strength to stand up under 
the compression stresses resulting from 
the restrained thermal expansion, without 
being upset, or suffering from creep or re- 
laxation effects. 
solutions have been studied at length, and 
have been proved to be effective. The 
first one which involves preheating of the 
field coils before the machine is brought 
to speed was the subject of a previous 
AIEE paper,’ presented in 1944. Later 
experience with one of the very large 
generators referred to in that paper, which 
has been regularly preheated, has been 
very good. This machine had the largest 
two-pole rotor in the world, and was 
wound with coils made of soft copper. 
It has carried heavy loads and has been 
shut down frequently over a period of six 
or seven years but has been preheated 
regularly on starting without suffering 
appreciable deformation of the coils. 
Previous experience with this machine 
with similar operation over a period of 
only two or three years without preheat- 
ing resulted in severe deformation. It 
seems clear from this experience that pre- 
heating, properly carried out, is definitely 
beneficial. Preheating has been recom- 
mended on quite a number of other 
machines on which experience is being 
accumulated. Also, much analytical 
work has been carried out to interpret 
observations on these machines, and to 
help determine the best procedures. A 
paper on this particular subject is planned 
and it is hoped that it can be presented be- 
fore long. 


Improved mechanical strength of field 


coil material without appreciable sacrifice — 


of electrical conductivity appeared to be a 
more generally acceptable solution to the 
expansion problem. For this reason, a 
broad research program was initiated in 
1944 to explore the possibilities of adding 
various alloying elements to copper or to 
aluminum, Aluminum had been used to 
some extent in large 3,600 rpm generators, 
but had proved to be more plastic than 


the soft annealed copper. With regard to - 


copper, the beneficial effects of small 
fractional percentages of silver had been 


recognized by 1940, and silver bearing 


copper, so called, was in regular use on 
large turbine generators. The silver 
helped the copper in two ways: first, by a 
marked increase in the rupture strength, 


as a function of sustained stress at a 


moderate temperature’ over extended 
periods of time; also the silver made a 
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marked increase in the recrystallization 
or annealing temperature of the copper, 
so that the effect of moderate cold work 
in raising the yield strength of the copper 
would not be lost over a period of years at 
operating temperature. The research 
program was intended to search out other 
alloying elements which might be even 
better for copper base field coils; and 
also to find some way to improve alu- 
minum correspondingly. 

The work in the Research Laboratory 
was supplemented by evaluation tests 
conducted by the Works Laboratory with 
the active cooperation of Professor Sayre 
of Union College. The apparatus used for 
these evaluation tests (Figure 6) includes 
a series of cylindrical ovens arranged to be 
heated automatically to temperatures 
in the range of 100 to 150 degrees centi- 
grade, with automatic control for main- 
taining constant temperature as desired. 
The tests were run in compression, be- 
cause the basic problem in the generator 
field was one of compression rather than 
tension, and we had reason to believe that 
the compression properties were not 
necessarily the same as the tension prop- 
erties. The technique of compression 
testing was distinctly novel, and was de- 
veloped especially for this research pro- 
gram. A forthcoming paper is planned 
which will describe both the equipment 
and the results in greater detail than can 
be reported here. Little emphasis has 
been given to the matter of creep or re- 
laxation effects in previous papers on 
this subject. However, it seemed fairly 
clear that if alloyed conductor materials 
could be developed to have the required 
yield strength on a short time basis, even 
though measured at operating tempera- 
ture, nevertheless the compression stress 
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resulting from the restrained expansion 
in service at full load would be consider- 
ably higher than would be the case with 
soft conductor materials; so that over 
long periods of time creep or relaxation 
would surely be an important item. The 
tests as actually carried out, therefore, 
included room temperature stress strain 
curves in compression, operating tempera- 
ture stress strain curves, and compression 
creep tests. Altogether a great mass of 
data have been obtained, which have been 
most valuable and informative. 

As to the new materials which have 
come out of this research and development 
work, the evaluation of the silver bearing 
copper which was in use when the program 
started has shown that it is an excellent 
and highly satisfactory material for use in 
even the largest machines under con- 
struction at present. Among the other 
alloying elements which might be added to 
copper to improve its properties no others 
were found as good as the silver, except 
cadmium which our tests indicate would 
be somewhat better. It may be recalled 
that cadmium was used years ago as a 
hardening alloy for use in trolley wires. 
The project for an improved aluminum 
material appeared much more venture- 
some at the outset, but has been richly 
rewarded. The metallurgical story has 
been told in a paper presented to the 
American Society for Metals.!8 In brief, 
11 different elements were tried out as 
additions to pure aluminum, and their 
effects measured as to conductivity and 
mechanical strength in the annealed and 
work-hardened conditions. None of these 
singly gave the answer. However, 
several gave marked advantages in some 
particular property. A combination of 
two elements chosen produced a triple 


Figure 6. Appara- 
tus for compression 
testing of field coil 
conductor materials 
at operating tem- 
peratures 


alloy, which turned out to give the results 
desired. In facet, its properties are almost 
unbelievably good. This alloy has been 
given the name Cond-Al, meaning con- 
ductor aluminum. It contains small 
fractional percentages of iron and mag- 
nesium. This material has been used for 
the rewinding of several old fields origi- 
nally wound with soft aluminum, and one 
of these has been in service since Decem- 
ber 1949. The use of this material is ex- 
pected to contribute significantly to the 
development of much larger 3,600 rpm 
generators than have been ordered so 
far. 


Improved Magnetic Materials 


The rotors of large turbine generators 
are now almost universally made of solid 
steel forgings. Other types such as those 
consisting of plates bolted together or 
with laminations mounted on a through 
shaft have practically disappeared. The 
development of these large forgings is 
quite a story in itself, the emphasis having 
been on obtaining the required high me- 
chanical strength in all parts and through- 
out very heavy sections. This is done by 
employing an alloy steel containing about 
2.5 to 3.0 per cent nickel and usually a 
fractional percentage of molybdenum, 
often with some vanadium; and the 
forging is given an elaborate heat treat- 
ment. Ingeneral, only the physical prop- 
erties have been included in the forging 
specifications, and neither the chemical 
constituents nor the magnetic properties 
have been specified. By actual analysis, 
the chemistry of these large shaft forgings 
has been remarkably uniform among the 
several suppliers. The magnetic proper- 
ties for the most part also have been quite 
good and reasonably uniform, although 
some exceptions have occurred in the 
past. About ten years ago, two generator 
fields had to be replaced on account of 
excessive excitation caused by poor mag- 
netic properties. A long-term investiga- 
tion has been carried out since that time, 
with the twin purposes of obtaining more 
consistent magnetic properties and of im- 
proving the average level as much as 
possible. The steel suppliers, the Works 
Laboratory, and the Research Laboratory 
have cooperated in this investigation, 
which has progressed rather slowly but 
surely in the right direction. Some of the 
findings are that the carbon and chro- 
mium content of the forgings should be 
kept to a minimum, and that the heat 
treatment should be controlled within cer- 
tain limits. The results have been excel- 
lent. No more cases of excessive excitation 
have occurred, and the average magnetic 


Huntley, Taylor—Development of Large Turbine Generators 585 


properties have improved appreciably, 
without sacrifice of mechanical strength. 
This permits some increase in the mag- 
netic loading of the electrical design, since 
it usually is the saturation of the rotor 
steel which limits the amount of useful 
flux corresponding to the rated voltage of 
the generator. Ultrasonic testing of the 
rotor forgings has been in general use for 
three years, and has proved to be an ex- 
ceedingly valuable means for detecting 
internal flaws, as described in a recent 
paper. 

Another recent development is the ap- 
plication of oriented-grain strip steel to 
the stator cores of turbine generators. 
This might seem a misapplication, on 
account of the fact that the principal 
direction of the flux path in the teeth is at 
right angles to that in the outer portion 
of the core, This outer portion, how- 
EVEL, 16 Quite massive in turbine gener- 
ators, and accounts for a large majority 
of the core loss, Also, the cross grain 
properties of good oriented-grain strip 
steel are comparable with the properties 
of the previous standard hot-rolled sheet 
steel, both in losses and in excitation re- 
quirements, Consequently, a major gain 
can be made by arranging the grain in the 
circumferential direction to favor the 
larger loss in the outer portion of the core, 
without prejudice to the tooth region. 
This arrangement was tried out on a 
1,250 kva shop generator in 1945, and 
thorough tests indicated a marked ad- 
vantage, Since that time, oriented-grain 
strip steel has been applied to progres- 
sively larger generators, of which about a 
dozen have been tested and put into serv- 
ice, Faetory facilities have been pro- 
vided for the higher temperature anneal- 
ing process required for realization of the 
inproved magnetic properties, and the 
application of this new material is rapidly 
being extended to the largest sizes of tur- 
bine generators, 

There are two ways to use this strip 
steel to advantage. Working it at pre- 
vious Magnetic densities brings about a 
handsome reduction in core loss, which 
has usually been the largest loss in hydro- 
gen-cooled turbine generators. Or, by 
cutting down the radial depth of the outer 
part of the core, and working at higher 
magnetic densities, the weight and di- 
mensions of the machine may be reduced 
appreciably, This is of especial impor- 
tance in very large machines in which the 
weight and dimensions of the stator are 
such as to crowd shipping limitations, 
Very large generators of both 4-pole and 
2-pole design are on order which would 
require a double frame with separate 
shipment of the inner frame with core 
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and coils assembled, and the outer frame 
in two or three pieces, except for the ad- 
vent of the new oriented-grain steel 
which makes it possible for them to be 
designed with a single stator frame ar- 
ranged for complete assembly and test in 
the factory and shipment in one piece. 
It is anticipated that the use of oriented- 
grain strip steel will become general in 
turbine generators in the near future. 


Increasingly Large 
3,600 Rpm Generators 


The phenomenal growth in capacity of 
3,600 rpm generators in the past 20 
years has not come about because of any 
inherent advantages over the well-estab- 
lished 4-pole 1,800 rpm machines. Ac- 
tually, the higher speed generators are 
somewhat bulkier, heavier, and less ef- 
ficient, and are subject to quite a number 
of distinctive problems and limitations. 
The advantages of the 3,600 rpm design 
are all to be found in the turbine end of 
the set, where the quest for ever higher 
thermal efficiency and over-all economy 
of power production has led to continual 
increases in steam temperatures and 
pressures. To meet these modern steam 
conditions, it has been found both tech- 
nically and economically necessary to use 
the highest feasible speed of rotation, 
which permits minimum diameters of 
turbine shells and minimum numbers of 
stages. The production of increasingly 
large high-speed generators to go with 
these turbines has been an intensely in- 
teresting development. 

In extending the rated capacity of 
3,600 rpm generators from about 12,500 
kva in 1929 to over 125,000 kva in 1950, 
with much further progress in sight, a 
great many problems have had to be 
solved, some of which have been touched 
upon in the previous sections of this 
paper. Hydrogen cooling was a basic in- 
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novation; without it and the other im- 
provements in ventilation, modern gen- 
erators of large output would hardly be 
feasible. Various mechanical improve-— 


ments, particularly the means for elim- 


ination of double-frequency vibration, 
have also been a practical necessity. 
Other basic improvements have been 
made in field coil materials which resist — 
thermal distortion, and in the mag‘ietic 
materials of both rotor and stator, as well — 
as in insulations. 
tial for the large machines now being 
built, and the larger ones to come. How- — 
ever, the old and long-familiar limitations 
of dimensions are still present. These 
are: the limitation of rotor diameter by 
centrifugal stresses, of rotor length by 
vibrational considerations (critical speed), 
of stator diameter by shipping clearances, 
and of weight of stator by railroad car 
capacity. Means have been found to 
overcome these limitations somewhat, or 
to increase generator capacity in spite of 
them, in many ways. ; 
Rotor diameters for 3,600 rpm have 
been increased greatly, taking advantage 
of increased strength and uniformity of 
the forgings, and of improved field coil 
conductor materials and insulation; and 
also keeping within established safe limits 
for the principal stresses in the bore hole 
and tooth roots, and particularly in the 
crushing pressure of the coils on the in- 
sulation, and in the hoop stresses in the 
retaining rings or cylindrical caps which 
carry the end portions of the field coils. 
The retaining rings are a major limita- 
tion, as in a modern large machine using 
alloy steel rings, the hoop stress may be 
65 per cent to 75 per cent due to the 
weight of the rings themselves, and only 
25 per cent to 35 per cent due to the useful 
coil load they carry. In such a case, a 
surprisingly small increase in diameter 
would require the coil load to be educed 
to zero, as the limiting stress would be 
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Figure 7. Chart 

showing increase in 

rating of 3,600 and 

1,800 rpm _ turbine 

generators since 
1910 


All of these are essen- 


erators, by double frame designs; 


reached in the component due to the ring 
itself. In this connection, a major gain is 
made possible by the development of 
Cond-Al, which is the aluminum alloy 
previously referred to, having both good 


electrical conductivity and excellent 
mechanical strength and creep resistance. 

Rotor lengths have also increased 
greatly, even in relation to the larger 
diameters now found possible, and this has 
come about by a whole series of develop- 
ments, including ventilation, conductor 
materials, and research on vibration and 
balancing technique. Exhaustive studies 
have been made on the critical, or more 
properly resonance, speeds of generator 
shafts, including observations 
Imachines in service, tests on dozens of 
scale models, and the development of im- 
proved analytical methods. This work 
might well be the subject of a very in- 
teresting and valuable paper. Suffice it to 
say here that a much better understanding 
has been obtained of the vibrational 
characteristics of long high-speed rotors, 
and techniques have been developed to 
insure that they can be well balanced and 
will run smoothly, even better than the 
standards of operation which were ac- 
ceptable on the smaller machines of the 
past. 

The diameter and weight limitations 
on the stator are fixed by shipping clear- 
ances and weight limits. In the 1920’s, 
these were overcome, in the case of very 
large 1,500 and 1,800 rpm air-cooled gen- 
the 
inner frame, carrying the core and coils, 
being shipped in one piece; while the 
outer frame was subdivided for ship- 
ment. So far, this double frame con- 
struction has not been found necessary 
for generators designed for hydrogen 
cooling, even up to 183,333 kva 1,800 
rpm, although it may be used soon for 
very large machines. Its use has been 
contemplated recently, but has been 
postponed by the introduction of oriented- 
grain strip steel for the stator core, as 
mentioned previously. 


on many 
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Figure 8 (left). 
Turbine 


gen- 
erator rated 
111,765 kva, 


3,600 rpm, 15 
pounds per 
squareinch gauge 
H_ pressure, in 
service since 


December 1947 


Figure 9 (right). 
Longitudinal sec- 
tion of 111,765 
kva generator 
shown in Figure 8 


Figure 7 shows the increase in the basic 
kva rating of 3,600 rpm generators, both 
air-cooled and hydrogen cooled, over the 
years since 1910. For comparison, data 
are also included on 1,800 rpm generators. 
The time scale shows the year in which 
these machines were ordered; and the 
rating scale indicates the nameplate kva 
rating, which in the case of hydrogen 
cooled machines is based on 0.5 pounds 
per square inch hydrogen pressure. 
Starting about 1939 advantage was taken 
of the improved cooling effect obtained by 
increasing hydrogen pressure to 15 pounds 
per square inch gauge, for which a 15 per 
cent increase in capacity was obtained. 
And in 1945, a further increase was rec- 
ognized for pressures up to 25 or 30 
pounds per square inch. This subject of 
increased capacity of hydrogen cooled 
generators as a function of gas pressure 
was discussed at length in a recent AIEE 
paper.” It will be observed that a tre- 
mendous jump in the capacity of 3,600 
rpm generators took place in 1935 and 
1936, with the advent of high pressure, 
high-temperature turbines, and hydrogen 
cooling for the generators. The largest 
air-cooled generator for 3,600 rpm was a 
50,000 kva machine ordered in 1936. In 
the past five years, another series of large 
steps has been taken and the end is not 
nearly in sight, as design studies and even 
tentative quotations have been made on 
3,600 rpm machines of 180,000 kva base 
rating. 

The first 100,000 kva 3,600 rpm gen- 
erator, which is shown on the graph as 
ordered in 1945, actually went into service 
in December 1947, at the Essex Station 
of the Public Service Electric and Gas 
Company of New Jersey near Newark. 
This machine (Figure 8) was actually 
given a special nameplate rating at 15 
pounds per square inch gas pressure 
(111,765 kva, 0.85 power factor, 95,000 
kw, 13,800 volts with a special short 
circuit ratio) which is equivalent to the 
100,000 kva 0.8 power factor standard 
rating at 0.5 pound per square inch and 
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the same design has been used for this 
The operation of this machine 
has been eminently satisfactory, as it runs 
smoothly and both armature and _ field 
This 


rating. 


windings are remarkably cool. 
pioneer machine has been followed by 
many others of the same or equivalent 
rating, and 9 of these are now in service, 
with 12 more on order. Figure 9 shows a 
longitudinal section through this machine. 
A similar generator of somewhat greater 
length was designed for 112,500 kva and 
orders have been received for nine of 
these machines. The first of these was 
for the new Yates Station of the Georgia 
Power Company near Newnan, Ga., and 
went into service in September 1950. Its 
rating is 111,111 kva, 100,000 kw, 0.9 
power factor. The others of this size are 
in process of manufacture, shipment, or 
erection. In 1948, a still larger generator 
of stmilar design was ordered by the 
Public Service Company of Northern 
Illinois for their Waukegan Station, being 
rated 129,412 kva, 110,000 kw, 0.85 
power factor. This machine is now near- 
ing completion in the factory, and is ex- 
pected to be installed in 1951. Six others 
of equivalent rating are on order. All of 
these machines rated 100,000 kva and 
above have been designed with one-piece 
stator construction, and have been or will 
be completely assembled and tested at 
the factory. The dimensions and weight 
of the finished stators have been such as 
to tax the limitations of railway shipment 
facilities, and there are spots in this 
country where great difficulty would be 
encountered in delivering so large a ma- 
chine. Figure 10 shows one of these ma- 
chines being hauled over the highway at 
the end of its transcontinental train trip 
for installation near San Francisco in Sta- 
tion ““P”’ of the Pacific Gas and Electric 
Company. 

The largest 3,600 rpm generator on 
order at present (October 1, 1950) is a 
147,000 kva, 125,000 kw, 0.85 power 
factor rating for the Philadelphia Electric 
Company, the order for which was placed 
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in the spring of 1950, At the time this 
machine was quoted the preliminary de- 
sign was based on double frame con- 
struction with shipment to be made dis- 
assembled, However, further design 
studies capitalizing the advantages of 
oriented-grain strip steel have resulted in 
the abandonment of the double frame 
feature for this machine, as it has been 
found possible to build it closely within 
the weight and dimensional limits of the 
Waukegan generator. Another feature 
of this Philadelphia machine is of special 
interest, as its output is to be transmitted 
13,800. volts. 
So large a kva rating at this voltage runs 


at the generator voltage 


the current capacity up to an unprece- 
dentedly high value—6,150 amperes per 
phase at base rating. In view of the in 
herent limitation of armature windings 
for 2-pole generators to not more than two 
parallel circuits per phase, and in view of 
the fact that delta connected armature 
windings have been generally unaccept 
able, the current to be carried by each 
coil is required to be 8,075 amperes at 
nameplate rating, and proportionately 
more with increased hydrogen pressure, 
his is about 20 per cent above past ex 
perience, An armature coil for such 
heavy current must be of distinetly special 
design, It necessarily requires wide, 
deep slots in the stator core, so wide that 
Roebel 


transposition bar is not practical on ac 


the conventional 2-wire wide 
count of the extreme width of the con 
duetors; particularly as the depth re 
quired is so great as to require unusually 
fine stranding of the conductors, A 
practical solution has been found by em 
wide Roebel 


ploying a special 4d-wire 


transposed bar, This bar is unustally 
heavy, and may prove to be rather ex 
pensive, but should be entirely practical, 
The two parallel circuits of the armature 
winding are brought out through separate 
sets of bushings at opposite ends of the 
stator, and are to be permanently paral 
leled externally, 

Vor optimum generator design as well 
as for best economy for handling the out 
put current in the power station, it seems 
that generator voltages for 8,600 rpm 
machines larger than 112,500 kva should 
he increased above the long-established 
standard voltage of 18,800 volts, (Also 
there are advantages in raising the ex 
citation vollage from 250 to 375 volts.) 
The actual armature Voltage to be chosen 
is subject to some adjustment, but in 
general should be higher as the kva rating 
is increased, In case of special require 
ments as at Philadelphia, special designs 
san be developed; but it is felt that, in 
general, over-all economy can best be 
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served by employing higher voltages up 
to as high as 20 or 22 ky for the largest 
ratings. In this connection it might be 
well to point out that 8 large generators 
in the Chicago area have been in service 
for about 20 years running at 22 kv, and 
have given a good account for themselves. 
In view of this experience and the con- 
siderable advance in insulation practices 
since these machines were built, there 
should be no doubt about the reliability 
of generators designed for the higher 
voltages suggested, 

There is much more progress to be 
made in future years in the development 
of large high-speed generators, and many 
projects for improvements yet to be 
realized have been under way for years, 
Not only will still larger machines be 
built, as they are found to be economi 
cally and technically feasible; but the 
present high levels of general quality, re 
liability, and smoothness of operation in 
all sizes will be raised even higher. 
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+ 
Discussion 


Frederic A. Lane (American Gas and Elec- 
tric Service Corporation, New York, N. Y.): 
The authors have cited numerous interesting 
developments which have taken place in re- 
cent years in the design of large turbine 
| generators. The following comments may 
be pertinent. 

i The vacuum systems for generator seal 
| 
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oil as initiated 12 years or so ago are rather 
complex but the performance of this equip- 
ment as we have experienced it has been 
quite satisfactory. The more recent and 
very much simplified continuous scavenging 
system is being used on all of the new ma- 
chines, both large and small, and, of course, 
offers very definite advantages. 

An important advantage of using hydro- 
gen which the authors did not mention is 
that the insulation may be expected to last 
many times longer than it does in air-cooled 
machines. Stator insulation in the Logan 
generator after 13 years of operation is in 
excellent condition, as is also the insulation 
in the 20,000-kva synchronous condenser at 
the Turner Transmission Station after 22 
years of operation. 

About 1940 the use of aluminum armor on 
generator rotors for holding end turns in 

place was discontinued and insulating blocks 

used instead. This left the side of the con- 
ductor bare for better cooling. At Cabin 
Creek we had two similar generators in- 
stalled within a short» time of each other 
and one of these had one type of end turn 
insulation and ventilating arrangement, and 
the other had the improved arrangement. 
In the case of the machine having the im- 
_ proved ventilating set-up, the temperature 
rise of the rotor was approximately 15 de- 
grees less at full load than in the case of the 
_ other machine, and this furthermore reduced 
‘the heating of the end turns which previ- 
ously had been running hotter than the rest 
_ of the winding. 

- With respect to improvements that have 
been made in insulation, the authors make 
the point that development along this line 

should be evolutionary in nature and not 
-reyolutionary. I agree heartily with this. 
‘I think that improvements in insulation 
must necessarily come the hard way and 
that the gain at any one time may be rather 


ven for on the basis that better insulation 
give us longer lived machines and I 
ink we must all realize that with eco- 
ymics as they are today, anything we can 
» to lengthen the life of insulation in major 
ipment will go a long way towards easing 


of preheating which the authors touch 
on. We have taken definite steps with 
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respect to preheating in some of the genera- 
tors where the type of winding was such that 
we had experienced or could anticipate 
trouble of a kind which preheating might 
alleviate. We believe that it is beneficial. 
Quantitatively we are not yet in a position 
to state to what degree it is beneficial. 

There is no doubt but that as the size of 
generators increases, we need to consider 
higher voltage. This is not solely a matter 
of generator design as far as necessity is con- 
cerned. It enters into the switching and the 
connections to the generator very decidedly. 
The handling of the heavy currents that go 
along with low voltage becomes more bur- 
densome and can result in extremely expen- 
sive construction. We need to get a better 
balance between the voltage for which the 
generator is designed and the equipment 
which will get the output of the generator 
into the system for the best economic rela- 
tionship. It may be of interest to note here 
that there has been in service a large syn- 
chronous condenser with a 24,000-volt 
winding for something over 20 years with 
complete success. 

With regard to higher gas pressures, we 
have made full use of the operation of ma- 
chines at higher gas pressures and with all 
of the later units the design of the entire 
installation is based on utilizing the capacity 
of the generator which will be available at 
25 pounds gas pressure. The number 5 
compound unit at Twin Branch has been 
operating at 25 pounds gas pressure almost 
continuously since August 1949. Initially 
there was some difficulty with excess gas 
leakage but this now has been reduced to a 
moderate amount. 


W. J. Carfrae (The British Thomson- 
Houston Company, Ltd., Rugby, England): 
The authors are to be congratulated on a 
masterly summary of turbogenerator his- 
tory during the past 25 years. 

It may not be altogether irrelevant to 
contribute one or two items regarding 
European practice and experience in the 
same field. 

In view of the basic frequency in Europe 
being 50 cycles, the point at which hydrogen 
cooling of alternators becomes an economic 
proposition is quite different and at the 
present time is probably not well defined. 
Indications are that an output greater than 
50,000 or 60,000 kva at 3,000 rpm is neces- 
sary to justify hydrogen cooling. Largely 
in consequence of this increased rating the 
application of hydrogen cooling in Europe 
has lagged behind that in the United States. 

The first hydrogen cooled machine in 
Great Britain was designed before World 
War II but its construction was delayed 
until after the War. A fair number of 
machines rated at 75,000 kva, 3,000 rpm 
are now on order utilizing hydrogen cooling 
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and two or three machines are now in 
successful commercial service. 

Propeller fans have been used to a limited 
extent in Great Britain but the lower rota- 
tional speed reduces the advantages and 
the application of propeller fans is, at the 
present time, not universal. 

Some trouble due to double frequency 
vibration of stator cores has been experi- 
enced in Great Britain, particularly with 
machines wound for a high operating voltage 
which have unusually deep stator slots. At 
the present time, special precautions are 
taken in the design of these machines as 
regards both core and frame to ensure that 
excessive vibration is avoided. 

Acoustic resonance also has been observed 
on one or two occasions in offices adjacent 
to the engine room and it has proved neces- 
sary to alter the dimensions of these offices 
by the erection of partitions or by other 
means. 

I can support the author’s experience that 
mechanical double frequency vibration on 
the rotor has not proved a serious difficulty. 
The company with which I am associated 
has had two isolated instances, both on shaft 
overhangs, due to the milling of slots for the 
rotor leads and this difficulty has been over- 
come by the milling of two further dummy 
slots at right angles to the lead position. 

I can endorse the writer’s remarks about 
the question of field coil insulation and 
material, and can say that our experience in 
Great Britain with silver bearing copper has 
been uniformly satisfactory. I was par- 
ticularly interested to read of the new alu- 
minum alloy ‘‘Cond-Al”’ though it would 
not seem that any output at present con- 
templated in Europe would necessitate a 
rotor winding using this material. 

Regarding shaft forgings we have had 
uniformly satisfactory results with a nickel- 
chrome-molybdenum alloy steel and have 
been using ultrasonic testing for the past 
five or six years with very satisfactory re- 
sults. Contrary to the author’s experience 
we have never found that the presence of 
chromium in our forgings has any bad effect. 

It is hoped that it will be possible to make 
some experiment with oriented grain mate- 
rial when such material becomes more 
readily available in Great Britain. At the 
present time this trip is produced only in 
limited quantities suitable for transformers. 

I can support the author’s contention that 
higher generating voltages are desirable for 
very large outputs. The company with 
which I am associated has, in service, 
1,112,588 kva of plant operating at 33,000 
volts with a further 75,000 kva of plant on 
order. These machines (some built 17 
years ago), have given entirely satisfactory 
operation and outages due to armature 
faults have been negligible and were con- 
fined to two very early machines having a 
graded type of winding which was aban- 
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doned a good many years ago. These very 
high voltage machines are probably not 
suited for general application being some- 
what more bulky and less efficient than 
those wound for conventional voltages but 
it would seem well worthwhile going to 
voltages of the order of 22,000 for very large 
outputs. Any output current invelving 
more than about 3,000 amperes per arma- 
ture path tends to introduce excessive com- 
plication into the design. 


John G. Noest (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
A paper, such as the one by Huntley and 
Taylor, is in my opinion very valuable for 
two principal reasons: The first is that it 
acquaints a large number of us, who would 
not otherwise be in a position to acquire such 
information, with the progress which is 
steadily being made in this field and brings 
about an appreciation of the constant re- 
search which must go on to solve the prob- 
lems associated with the construction of ever 
larger turbo-generators. 

The second reason is that such a paper 
exposes the limitations and the compromises 
the designers must necessarily make as the 
ratings of generators are increased. As a 
direct result of this, the operators of such 
units are made more keenly aware of the 
designers’ problems so that the better under- 
standing brought about may well be ex- 
pected to benefit both the operators and the 
designers. 

The problem of deformation of rotor 
windings, discussed in this paper, is of in- 
tense interest to me since, I believe, the 
Consolidated Edison, with which I am asso- 
ciated, was the first to apply preheating on 
their machines as a practical solution of this 
problem. 

Preheating has proved itself as a satisfac- 
tory method in securing an acceptable life 
for the rotor windings of the older turbo- 
generators, where, because of loading condi- 
tions and frequent shutdowns, the field 


winding life would not otherwise be satisfac- - 


tory. 

This method, however, would not be 
readily accepted for new units. Therefore, 
the problem of rotor winding deformation 
must be solved by the designers. 

In their paper, Huntley and Taylor de- 
seribe the methods by which the rotor wind- 
ing deformation phenomena is being at- 
tacked. New conductor materials have been 
developed which possess improved physical 
properties, so that they can withstand 
greater stresses at acceptable creep rates. 
This, together with improved ventilation of 
the winding, which means lower, and what is 
most important, more uniform temperature 
throughout the field coils is, in my opinion, 
all in the right direction toward the solution 
of the problem from the design standpoint. 
I wish to particularly emphasize the neces- 
sity for greater uniformity in the tempera- 
ture of field coils because I believe that a 
considerable amount of shortening of rotor 
coils can be tolerated if the coils were to 
shorten uniformly so that the separation of 
some of the turns from the remainder, which 
occurs in the winding heads, is avoided. If 
this were accomplished, the excessive unit 
pressures on the insulation, caused by eccen- 
tric loading when turns separate, which usu- 
ally is the immediate cause of failure, would 
also be avoided. 
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In relation to the problem of field winding 
deformation (and this applies also to the 
problem of insulation migration on stator 
coils) there is one other factor that I must 
call attention to. It has to do with the fre- 
quency of starting and stopping of main 
units. 

On the Consolidated Edison Company 
System, the ratio of off-peak to peak load is 
in the order of 1 to 4 or 5. Probably other 
systems are in similar situations in this re- 
spect. Since 1938 there have been added to 
the Consolidated Edison Company System 
11 new generating units with a total capacity 
of 620 megawatts. At the present time, 
there are under construction or in project 
six additional units with a capacity of 860 
megawatts. Therefore, 23 per cent of exist- 
ing capacity is now high efficiency equip- 
ment and this percentage will rise to 40 per 
cent within a few years. This is now in 
excess of the requirements for off-peak 
operation and this excess will probably in- 
crease. 

The point being made is that fewer units 
can be operated as base load units, or con- 
versely, that more and more of these high 
efficiency units must be shut down daily. 
The base load unit of yesterday has within 
the span of a few years become the peak 
load unit of today. The design of generators 
must recognize this situation. Generators 
must be designed so that they will operate 
satisfactorily with frequent shutdown. 

Recognizing that increasing frequency of 
shutdowns must be accepted, a question 
also arises in respect to the method of opera- 
tion of the units. Since field winding distor- 
tion as well as insulation migration of the 
stator coils is caused primarily by tempera- 
ture change which in turn is the result of 
load change, shutdowns included, is there 
not something worth while to be gained in 
life expectancy of generators by the opera- 
tion of the cooling system in a manner so as 
to minimize temperature changes? If, after 
consideration of all of the factors involved, 
the answer to this question should be in the 
affirmative, then the developments of con- 
venient means for accomplishing such cool- 
ing system regulation appear justified. 


M. D. Ross (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The 
authors have presented a summary of the 
development of turbine generators over a 
very interesting period when large high 
speed machines and hydrogen cooling have 
come into the picture. Many of these de- 
velopments have been paralleled in the com- 
pany with which I am associated. It might 
be of interest to indicate here some of the 
differences in design practice which have 
developed over the years. Taking them in 
the order in which they appear in the paper: 

1. So far, we have found it desirable to 
continue the use of vacuum treatment of the 
gland seal oil except in the very smallest 
units. We believe this method insures low 
hydrogen gas consumption with high gas 
purity and low windage losses. Some years 
ago we simplified our gland oil auxiliaries 
and the size and complexity of this equip- 
ment would not seem to be materially dif- 
ferent from that shown in the lower part of 
Figure 1 of the paper. 

2. We have used propeller-type blowers 
on large turbine generators since 1928. The 
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earlier blowers were of formed steel plz 
welded to a steel hub. Later blowéts 
of the air foil type. The most recent 
signs involve new blade shapes which giv 
much higher pressure and volume than w 
formerly obtained. ; 

3. With reference to access to the g 
erator for inspection purposes, large hydro 
gen-cooled machines of our manufactur 
produced during the past four years ha’ 
access manholes between the two ax 
coolers which permit examining a large p 
of the interior of the machine after 
gas is removed, but without removing 
generator bearing brackets. It is possi 
to inspect the stator and rotor coil e1 
quite thoroughly by the use of lights an 
suitable mirrors while standing in the 2 
intake passage to the blowers. 

4. The flexible mounting of the sta 
core of large two pole machines has bee 
achieved in the author’s case by connectin 
the vibrating core to the outer frame by 
certain spring devices. These springs 
herently transmit a certain portion of th 
core magnetic forces to the outer frame ¢ 
introduce certain problems in maintain 
the core in position during a short 
Our solution of this problem consists 
mounting the stator core in a suitable inner 
structure which vibrates with the core. 
inner structure is then attached to the out 
frame by a series of flexible links which 
anchored to the core member at a point of 
practically zero tangential motion. The 
links are quite rigid in regard to short circuit 
or other torque forces and maintain the ¢ 
concentric with the rotor. They transm 
very small radial vibration forces to 
outer frame as the forces required to defi 
the links radially a distance of one mil or 
less, are very small. 7 

5. In the case of double frequency vi- 
brations of the rotor, it has been our practice 
for about 12 years to put part circular sa 
cuts in the pole centers of the larger rot 
to practically equalize the rigidity of 
rotor in the two axes and thus remove 
source of vibration éxcitation. 

6. For some years we used a transv 
gas cooler arrangement which, in many re- 
spects was similar to the vertical gas coo 
design except the coolers were horizo 
rather than vertical. We later adopted o 
present practice of using two axial coo 
located in the upper part of the frame wi 
each cooler split into two parts on the wa 
side in order that only one quarter of th 
surface might be out at any one time for 
cleaning, if that is done with the mac 
in operation. With this design, shutting 
water to part of the coolers will not unbal- 
ance the gas temperatures in the machine. 
With the transverse or vertical cooler: 
shutting off the coolers at one end mi 
produce high temperatures while the ot 
end indicated quite cool. 

7. It has been our practice since ab 
1930 to tape the top turns of the rotor e: 
winding only with glass and mica tape leayv- 
ing the inner turns bare for better ventila- 
tion. This taping of the top turns is pro 
vided in addition to the insulated lining in 
the retaining ring so that, in effect, a dou 
insulation is provided. ae : 

8. Referring to the matter of preheat- 
ing rotors we have had no experience with 
this procedure on our older units but o 
analysis indicates it should be quite effec 
in reducing field copper shortening on 
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cooled units with separate driven fans, but 
that it would be very difficult to attain 
suitable differentials in field copper and 
rotor forging temperatures with internal fan 
designs. We have therefore not advocated 
_ preheating of internal fan machines. 
9. Referring to the characteristics of 
rotor winding materials, the authors do not 
indicate the amount of cold working of the 
materials provided in addition to the alloy- 
ing elements. Our experience has been that 
cold working the copper to obtain appreci- 
able yield point values is very beneficial to 
good rotor performance and our large rotors 
quilt from 1932 to date have such cold 
working. Since 1944 silver has been added 
to improve the creep strength of the ma- 
terial. The earlier rotors without the silver 
alloy material but with cold working have 
given uniformly good performance over as 
much as 18 years of operation. 
10. With reference to oriented armature 
| steel experiments on 6,250-kva machines 
indicate some reduction in core loss but not 
as much as would be assumed from the 
paper. We have used the highest grade of 
hot rolled transformer iron for many years 
in our turbine generator stators. The 
amount of gain due to oriented iron would 
then depend upon the grade of ‘‘standard”’ 
hot rolled sheet steel. 

ii. With reference to stator windings 
for turbine generators above 100,000-kw 
rating we have not yet run into a condition 
where we require anything other than the 
standard Roebel transposed design with two 
wires wide in the slot. For the same type of 

‘stator winding (single or double) we believe 
the lowest cost unit will be obtained with 
the lowest stator voltage consistent with 
limitations of stator slots and winding com- 
_ binations and current carrying capacity of 
bushings. We do not therefore see the 
particular advantages of 20 kv to 22 kv 
_ stator voltages as many of these units could 
_ be built with lower voltages. 

_ The authors have presented a very inter- 
} esting paper which is a valuable contribution 
_ to the literature on turbine generator de- 
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Sterling Beckwith (Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis.): 
r. Huntley and Mr. Taylor have pre- 
nted a very interesting and useful descrip- 
tion of turbo-generator design. It might be 
_ of interest, however, to emphasize a slightly 
different aspect then that of maximum size. 
Figure 1 of this discussion shows the rat- 
ing which has been placed upon two given 
-8,600-rpm turbine generator frames. The 
e which dates back 38 years has a 24-inch 
ameter rotor. The other is not a single 
ame, but is typical of the largest hydrogen 
yoled machines. On the same scale is 
own the average hourly labor index and 
n index of material cost. These are im- 
ortant design factors to the extent that one 
ies more rapidly than the other. Both 
nes shown are plotted in units propor- 
ied to kva/D?L. The smaller diameter 
air cooled, and the larger is hydrogen 
oled. 

is well known, in connection with the 
Chalmers hydrogen seal that no auxili- 
are required except a U-tube in the 
lrogen drain. It is, however, not gener- 
known that the first of our machines had 
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provision for ready addition of continuous 
scavenging. It has not been necessary, how- 
ever, to resort to its use, and it has not been 
provided for since the first machines. 

Double frequency vibration effects are 
described on both the rotor and stator. My 
experience leads me to question the ade- 
quacy of the explanations given in this or in 
other articles. The double frequency rotor 
vibration can be avoided, and has been 
avoided in all our machines, by proper 
avoiding of operation at half the third criti- 
cal speed and by avoiding operation at half 
of any combined critical speed where the 
double flexibility of the rotor can introduce 
a self-sustaining disturbance. On the other 
hand, the double frequency stator vibration 
cannot be avoided (although it can be mini- 
mized), but mention is seldom made of the 
fact that magnetostriction will produce a 
vibration almost equal to that produced by 
air gap forces. Our routine testing of large 
completely assembled stator cores by setting 
up 100 per cent flux circumferentially in the 
core has demonstrated this. The test is pri- 
marily used to set up full voltage between 
adjacent laminations thereby checking core 
plate varnish, core loss and possible core 
damage during winding. The magneto- 
striction tests have been obtained simul- 
taneously. 


L. T. Rosenberg (Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis.): The 
authors speak of the 4-strand-wide Roebel 
transposition as an aid to utilization of the 
wide slots of large machines. This adapta- 
tion of the completely transposed conductor 
has been found useful when the current ex- 
ceeds 5,000 or 6,000 amperes. It was em- 
ployed as early as 1926 on a turbine genera- 
tor rated at 7,530 amperes. We also found 
the cost somewhat high as it involves twice 
as many strands as the normal Roebel trans- 
position with two strands in width. 

More recently, a 3-strand-wide completely 
transposed conductor has been developed 
offering an intermediate step, and promising 
an appreciable cost advantage over the 4- 
strand-wide conductor. 

The splendid operating record of high 
voltage generators is borne out also by Allis- 
Chalmers experience with 16.5-, 18-, and 
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22-ky machines over the past 20 years. 
The longest generator built has a core 
length of 282 inches and is rated 18,000 
volts. This unit will soon complete its nine- 
teenth year of satisfactory service. Five 
22,000-volt generators have been built dat- 
ing back to 1930. The original coils of all 
high-voltage machines above 14.4 ky are 
still in service. 


E. D. Huntley and H. D. Taylor: The 
several discussions have brought out quite a 
number of interesting aspects of our subject 
which could not well be included in the paper 
within a reasonable length. Many of these 
points do not seem to need further comment; 
however, there are several to which we 
would like to reply. 

Messrs. Lane, Noest, and Ross appear to 
differ somewhat on the rather controversial 
subject of “‘preheating”’ of very large tur- 
bine generator field windings for prevention 
of distortion caused by expansion and con- 
traction effects with repeated stops and 
starts in regular service. So far as new 
machines are concerned, this should not be 
an issue, as the windings are made of ma- 
terials of sufficient mechanical strength to 
withstand expansion stresses without suffer- 
ing distortion. On older machines wound 
with soft annealed coils, additional experi- 
ence is being obtained which should soon 
demonstrate whether preheating is worth- 
while or not. We believe that it is worth- 
while, and have some evidence to that effect 
already on machines with integral fans (in 
addition to compelling evidence on a large 
machine with separate blowers). It has 
been our practice, therefore, to recommend 
preheating on all very large machines, new 
or old, to ease the wear on the insulation due 
to expansion under centrifugal pressure, as 
well as to reduce the conductor stresses 
caused by expansion against centrifugal 
restraint. It is, however, an extremely com- 
plicated problem to analyze in detail. And 
there are apt to be some operating limita- 
tions, which should be recognized, such as 
the absence of a suitable separate excitation 
source, or the heating limitations of perma- 
nently connected transformers at low fre- 
quencies and abnormal flux densities. We 
have checked transformers in several cases 
and found them satisfactory for the preheat- 
ing program recommended for the genera- 
tors. It is our conviction that, in many 
cases, preheating will be found both feasible 
and advantageous. 

Mr. Noest raises a very interesting ques- 
tion regarding the possibility of operation of 
generator cooling systems in such a way as 
to minimize temperature changes resulting 
from load changes, including shutdowns, in 
order to reduce field winding distortion and 
insulation migration of the stator coils, and 
thereby increase the life expectancy of 
generators. Since field winding distortion 
seems to be primarily the result of restrained 
differential expansion of the field coils, rela- 
tive to the solid steel field body, and only 
indirectly the result of temperature changes, 
it would seem that the quantity to try to 
minimize would be the amount of restrained 
differential expansion. The really critical 
quantity then is the temperature difference 
between winding and field body (that is, the 
temperature drop through the insulation) 
which accounts for by far the greater part of 
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the differential expansion. It hardly seems 
practical to maintain this temperature dif- 
ference during a shutdown, or even during 
load changes. However, it can be restored 
at the end of a shutdown period, by suitable 
preheating, so that the differential expansion 
is also restored, to a considerable extent, 
before the coils are restrained by the full 
centrifugal pressure. Maintenance of full 
load winding temperatures during shut- 
downs would surely help a little, as the dif- 
ferential expansion on starting up would be 
reduced slightly. It is our conviction, how- 
ever, that preheating would be much more 
effective. Our experience with migration of 
stator coil insulation has been so limited 
(zero on machines built since 1935) that we 
are not so well prepared to answer for this 
phenomenon. However, as we understand 
it, this also seems to be a problem of differ- 
ential expansion, which might be helped 
somewhat by keeping the machine warm 
during shutdowns, though this would prob- 
ably not be a complete solution. 

Mr. Ross mentions the possibility of local 
high temperatures resulting from ‘‘shutting 
off the coolers at one end’’ of a generator 
having transverse or vertical coolers. We 
have always furnished at least four vertical 
coolers, and have never contemplated shut- 
ting off more than one at a time for cleaning 
while the generator is in service. Also we 
have made provision for equalizing gas tem- 
peratures between the two ends of machines 
with four coolers, by an arrangement of the 
internal gas passages which gives ‘‘cross- 
flow’, with cool gas from the fans at each 
end flowing past the centerline of the genera- 
tor to help cool the other end. With this 
arrangement, a cooler can be cut out of 
service at either end, without a large change 
in temperature at any point on coils or core. 
Tests at full load on a 30,000-kw machine 
with a cooler cut out resulted in a moderate 
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increase in operating temperature on some 
of the resistance temperature detectors, 
such as would be compensated for by a 
small reduction in load. 

The application and test results of ori- 
ented-grain strip steel briefly mentioned in 
the paper will be more fully covered in a 
paper The Use of Preferred Orientation 
Strip Steel in Turbine Generator Stators by 
J. W. Apperson and C. B. Fontaine to be 
presented to the Institute in the near 
future.! 

Mr. Beckwith points out that mechanical 
double-frequency vibration of 2-pole rotors 
can be avoided by avoiding operation at half 
of the third critical speed, or any critical 
speed of the combined turbine and generator 
set susceptible to stimulation from the 
double flexibility of the generator rotor. 
We agree most heartily, as this has been our 
understanding of the matter for many years. 
However, our experience has been that while 
these higher critical speeds can be calculated 
quite accurately for the usual assumed con- 
ditions of rigidly supported bearings, the 
actual critical speeds are likely to come very 
much lower on account of unavoidable 
slight flexibility of bearing supports and 
machine foundations. Much interesting 
and valuable work, as yet unpublished, has 
been done on the calculation of such critical 
speeds with allowance for flexibility in the 
bearing supports; and many tests have been 
carried out on models and full-sized ma- 
chines, and have proved the accuracy of the 
new methods of calculation. But in most 
practical cases, the degree of flexibility of 
bearing supports is an indefinite quantity, 
not subject to the control of the generator 
designer, as it is usually dependent to a 
large extent on the foundation design, and 
has widely different values in the vertical 
and horizontal directions, so that there are 
two sets of critical speeds to avoid, both un- 
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known over rather wide ranges. For these 


reasons, it has seemed wise to us to reduce 
the double-frequency stimulation, so that 
the rotor will run quite smoothly on any 
foundation, regardless of the higher critical 
speeds. 

Messrs. Lane, Rosenberg, and Ross seem 


to agree that higher voltages than 13.8 ky — 


are needed for 3,600-rpm generators larger 


than 112,500-kva rating at 0.5 pound per — 


square inch hydrogen pressure, although 
Mr. Ross questions the need for 20 to 22 kv, 


and states further that the most economical — 


generator design corresponds to the lowest 
voltage consistent with the limitations of 


stator slots and winding combinations, and — 


so forth. 


So far as this last statement is con- — 
cerned, we are in hearty agreement. It — 
is our conviction, however, that these very _ 
limitations themselves will lead to optimum | 
voltages of 20 to 22 ky in very large genera- _ 
tors in the range of 150 to 200 megavolt- 


ampere rating. ; 
The continuing startling growth in the 
size of 3,600-rpm generators, even since this” 


wil 


paper was written, is illustrated by recent 
orders for still larger machines. The presen Z| 
record for the largest on order was set by a — 


generator rated 176,470 kva, 150,000 kw at 
0.85 power factor and 0.8 short circuit ratio, 
at 20,000 volts, at 0.5 pound per square inch 
hydrogen pressure, for the Philadelphi 
Electric Company. This voltage was 
chosen as an optimum value for the rating. 
The data given in Figure 7 of the paper are 
out of date already. q 
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Large Turbine-Generator Rotors 
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Synopsis: In the manufacture of large high- 
speed turbine-generator rotors, balancing is 
instrumental in contributing to the over-all 
performance characteristics of the entire 
unit. Balancing equipment and instrumen- 
tation must be adequate to meet the rigorous 
demands imposed by shop production re- 
quirements. In addition, procedures and 
techniques must be capable of coping with 
the various problems that may arise in pro- 
duction balancing. This paper presents a 
review of the equipment and procedures 
introduced in shop and field balancing by 
the Westinghouse Electric Corporation as 
part of a continuing program of design and 
manufacturing development. It is hoped 
that the discussion may be of service in 
furthering an understanding of vibration 
control as reflected in the primary goal of 
improving machine performance. 


HE design and manufacture of 
B® modern high-speed electric machines 
requires careful attention to the problems 
of rotor balancing in the control of me- 
chanical vibration. Two- and 4-pole gen- 
erator rotors are highly stressed struc- 
_ tures combining materials of widely vary- 
img properties. 
Unbalance thus may be caused by geo- 
metrical errors, monhomogeneity of ma- 
terials, or distortion under operating con- 
ditions of speed and temperature. It is 
the purpose of balancing to offset these 
‘imperfections by adjustment of the rotor 
“mass distribution so as to secure a rotor 
_ which will run smoothly enough that only 
acceptably small periodic forces will be 
transmitted to the supporting bearings 
and foundation. 
_ In most cases unbalance is caused pri- 
Inarily by geometrical errors and non- 
homogeneous materials and adjustment is 
accomplished by addition or subtraction 
of material in selected planes along the 
totor. Final adjustment is dependent, of 
course, on adequate rotor seasoning under 
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operating conditions of load and tem- 
perature so that any shifts or adjustments 
of the rotor parts, such as the coils, are 
complete. 

Distortion causes a variable unbalance 
and although it usually is small, in certain 
cases special treatment is required. Two 
types of distortion can be distinguished: 
(1) dynamic distortion, that occurring in 
flexible rotors and caused by dynamic 
stresses, and (2) static distortion, that due 
to nonrotational effects such as thermal or 
pressure stresses. Adjustment of the 
location and number of balance planes is 
the primary consideration where control 
of dynamic distortion is mnecessary.? 
Static distortion often can be compro- 
mised satisfactorily by correction to the 
mean distortion unbalance. In certain 
cases of excessive thermal distortion that 
exhibit fixed patterns of vibration as a 
function of temperature rise, reduction or 
elimination of this distortion can be 
secured by selective adjustments in rotor 
ventilation. Correction of thermal dis- 
tortion by this means is called thermal 
balancing and may be required occasion- 
ally on rotors, where small temperature 
variations across the rotor diameter can 
lead to appreciable unbalance vibra- 
tion. 

The technique of balancing has pro- 
gressed steadily during the past two and 
one-half decades from an art of trial and 
error to a fundamentally sound concept 
based on precision measurement. No 
longer are the operating characteristics 
of high-speed rotors shrouded in mystery 
where large shaft vibrations must be con- 
sidered normal. Today, with scientifi- 
cally developed instruments and a 
thorough grounding in available methods, 
it is possible to reduce shaft vibrations to 
satisfactorily low levels. 


With the ever-increasing requirement 
of larger units to meet power demands, 
however, the balancing problems have 
become accentuated. In order to main- 
tain the high degree of rotor quality re- 
quired for continuous reliable service, 
without introduciug serious production 
delays, modern practice in balancing 
must be appropriate to deal effectively 
with all the various unbalance condi- 
tions. 


Balancing Equipment 


To insure that the rotor will operate 
satisfactorily in the field, balancing and 
seasoning is performed in a rig that ap- 
proximates as closely as feasible the char- 
acteristics of the assembled unit on the 
customer’s foundation. 

Westinghouse currently has in opera- 
tion a number of such balancing rigs 
capable of balancing, seasoning, and 
overspeeding all large 3,600-rpm rotors. 
Several similar rigs are used for com- 
mercial and engineering tests and final 
balance checks of the rotors assembled in 
their frames. The drives consist of either 
geared d-c motors, electronic speed-con- 
trol drives, or direct-driven 2-pole motors, 
and are capable of close speed regulation 
from zero to 4,400 rpm. The method of 
coupling to the rotors is through either a 
flexible drive shaft or flexible coupling 
depending on the size of the unit. 

A large 3,600-rpm balance rig, as oper- 
ated by an electronic speed-control drive, 
is shown in Figure 1. The same rig witha 
seasoning heater box encasing the rotor is 
shown in Figure 2. The heater box is 
capable of maintaining the rotor tem- 
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perature at 130 degrees centigrade by 
means of automatic thermal controls. 
The box consists of an insulated and 
heavily ribbed outer shell, space heaters, 
and a thin inner baffle shell which directs 
the air through the heaters and rotor 


body. Intake and discharge baffles con- 
trol the amount of make-up air to the 
rotor. At full speed the windage loss of 
large rotors often is sufficient to maintain 
the required rotor temperature. The top 
of the box is hinged to facilitate assembly 
of the rotor in the rig or application of 
weights during balancing at temperature 
(see Figure 1). 

As an additional aid in determining the 
vibration characteristics of the rotor, an 
oscillator or shaker has been constructed 
capable of operating up to 10,000 cycles 
per minute and producing measurable 
vibrations in rotors weighing more than 
100,000 pounds. When the oscillator is 
mounted on a rotor, as shown in Figure 3, 
it is possible to determine the flexibilities 
of the rotor and its modes of vibration. 
While such a static test does not fully 
take into account oil-film flexibilities and 
gyroscopic effects, it does provide a valu- 
able adjutant in substantiating design 
characteristics beyond the safe overspeed 
limit of the rotor and in interpreting 
balance data. It further aids on new de- 
signs by indicating the probable optimum 
balancing speeds for the greatest balanc- 
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Figure 1 (left). 
A __ high-speed 


balancing and 


seasoning rig 
with heater box 
open 


Figure 3 (right). 
Oscillator 
mounted on a 
turbine - gener- 
ator rotor 


ing efficiency. A typical record of the 
modes of vibration is shown in Figure 4. 
In actual operation, oil-film flexibility 
will lower the first critical speed, while at 
the higher speeds the combination of oil- 
film flexibilities and damping coupled 
with the gyroscopic effects of the rotor 
tends to raise the second critical speed. 


Instrumentation 


The most accurate and reliable in- 
strumentation for unbalance determina- 
tions is the wattmeter-type vibration- 
measuring equipment.!:3 In operation, 
a small 2-pole sine-wave generator is 
coupled directly to the rotor to be bal- 
anced and its output is connected to 
the current coil of the wattmeter. An 
electromagnetic pickup unit is applied 
to the rotor journals and the pickup 
output voltage is connected to the po- 
tential coil of the wattmeter. The 
phase angle of the generator current rela- 
tive to the pickup voltage can be varied 
by simple rotation of the generator stator, 
and the wattmeter indication thus de- 
pends on the angular setting of the gen- 
erator. The zero reading requires an ac- 


ah 
4 
Figure 2 (left). hee. 
High-speed bal- FRY 
ancing rig viewed Nas 
from driving end, — 6 ce 
showing the vi- ae 
bration-recording 2 
equipment =e ne 
you iy 
Ww 
fa) Eyes 
> 
fet) Wa 
a 
=P 
Figure 4 (right), 
Axial survey of || 
rotor vibration 
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curate adjustment of the stator position so 
that this angular position for zero watt- 
meter reading is an indication of the phase 
angle of the vibration. Shifting the phase ~ 
of the generator 90 degrees from this zero 
position gives a maximum reading which 
indicates the amplitude of the vibration. 
Since the voltage across the current coil 
of the wattmeter is a high purity sine 
wave of running frequency, harmonics 
other than running frequency are effec- 
tively filtered out. 

The electromagnetic pickups are ap- 
plied directly to the shafts through suit- 
able carbon followers and lightweight 
pushrods. The pickups are supported 
seismically on readily positioned stands. 
This arrangement, which can be seen in 
Figure 1, enhances the accuracy of meas- 
urement and also permits a single oper- 
ator to conveniently follow the vibration 
of a rotor through testing cycles of speed 
and temperature. 

The sine-wave generator for production 
balancing usually is mounted permanently 
on the end of the driving jack shaft of the 
balancing rig, as shown in Figure 2. The 
rotatable stator has an angular position 
scale with the smallest division being 1 de- 
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A rotating scale or protractor 
fastened to the generator rotor can be 
used for locating angular positions of un- 


gree. 


balance corrections. The normal speed 
range for this generator is 300-10,000 
rpm. 

Two other generator designs are used 
for special purposes. One is a small high- 
speed unit for application to rotors run- 
ning up to 20,000 rpm. Another is a 
hand-held generator, shown in Figure 5, 
which can be clutched to rotating shafts, 
thus avoiding shutdowns. This gener- 
ator, intended primarily for periodic 
checking of equipment in the field, utilizes 
a tachometer-type drive through a small 
clutch plate on the shaft end for pre- 
liminary engagement and centering. The 
final positive drive is through an axially 
resilient pin on the generator, which en- 
gages a matching hole in the clutch plate. 

Although the wattmeter-type vibra- 
tion-measuring apparatus is particularly 
rugged and reliable, it is obviously desir- 
able, nevertheless, to maintain a close 
check on the sensitivity and calibration of 
the various units. For this purpose a 
small laboratory is maintained with 
equipment to check the instrumentation 
periodically and to make minor repairs 
when necessary. A calibrated mechanical 
oscillator and generator current supply is 
useful in giving an over-all calibration 


Figure 6 (below). 
turbine-generator rotor 


Planes 1, 3, 4,15, 7, A, B, C, D, E, F used in shop balance 
Planes 1, 2, 6, 7, A, B, E, F used in field balance 


Figure 8 (right). 
rotor vent ducts 


BALANCE PLANES 
3 4 5 6 


' 2 


BALANCE 
REFERENCE 


RETAINING 


BLOWER 


ROTOR 
BODY 


1951, Votume 70 Laffoon, Hagg, Janthey, Heller—Balancing of Large Turbine-Generator Rotors 


Method of installing thermal balance plugs in 


Figure 5 (left). 
Hand-held sine 
wave generator 
prior to engage- 
ment with clutch 
plate 


Figure 7 (right). 

Assembled  tur- 

bine - generator 
on test 


check of the wattmeter circuit and pick- 
ups. A d-c meter-type polarity indicator 
is used to insure proper phase relations on 
repair of pickups and cable extensions. 
Magnetizing means also are available to 
restore pickup and generator outputs to 
normal strength. Maintenance of the 
many duplicate instrumentation units in 
uniform calibration permits the conven- 
ience of free interchange of these elements 
and enhances the confidence in measure- 
ments and the accuracy of the over-all 
balancing operation. 

Another useful instrument for shop and 
field measurement of total vibration is the 
Westinghouse  direct-recording _vibro- 
graph, which scribes the vibration form 
directly on a recording tape. By means 
of a low-power microscope, the amplitude 
can be determined from 0.0001 to 0.060- 
inch for frequencies of 10 to 250 cycles 
per second. This instrument may be 
used to determine the existence of 
multiple or submultiple vibrations, as 
well as running-speed vibrations. 


Position of balance and reference planes on a 


COUPLING 


Production Balancing 


In production balancing, 3,600 rpm 
turbine-generator rotor body sizes range 
from 16 inches in diameter, weighing 
2,700 pounds, to over 40 inches in diam- 
eter and weighing over 100,000 pounds. 
For the smaller sizes the first critical 
speed is well above the normal operating 
speed, so that excellent results are ob- 
tained from low-speed balancing in a con- 
ventional balancing machine® where the 
rigid rotors are supported in flexible 
pedestals and corrections are made in 
only two planes. A check of the balance 
is made at full speed in a test rig and at 
operating temperature in the generator 
frame. 

In the larger sizes, however, the operat- 
ing speed normally lies between the first 
and second critical speeds. The shaft 
then may be considered to be flexible and 
recourse must be made to several addi- 
tional balance planes. As shown in 


Figure 6, seven balance planes are pro- 
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vided, of which five are used in the manu- 
facturer’s plant. The two planes located 
in the retaining rings (Planes 2 and 6) 
are left open for those occasional cases 
where a touch-up balance may be re- 
quired in the frame during test or at the 
installation. Vibration readings are taken 
at the six lettered positions indicated in 
Figure 6. 

To insure geometrically true rotors, the 
rotors are given five periodic truth checks 
during the course of manufacture from 
the rough forging to the finally wound and 
machined rotor. These checks are re- 
corded on a chart accompanying the rotor 
through its various phases, thus providing 
direct control over the geometry of the 
rotor. This procedure has been effective 
in reducing the residual unbalance as 
well as in improving the quality of ma- 
chining. In addition to the usual hollow- 
drill test and magnetic particle testing of 
the rotor ends, the rotor body also is 
borescoped and ultrasonically inspected 
to insure sound material. 

Since there is always some unbalance in 
the rotor which must be corrected, the 
rotor is provided with tapped holes in the 
teeth between coil slots and in the poles to 
facilitate mass adjustment during bal- 
ancing by means of steel screw plugs. In 
those occasional cases where the amount 
of unbalance in any one plane exceeds that 
correctable with the steel plugs, current 
practice is to utilize lead-filled or special 
alloy plugs. The lead-filled plugs permit 
an increase of 1.5 in weight, while the 
alloy plugs are over two times heavier 
than steel. While such plugs are more 
expensive than the steel plugs, their 
availability permits the elimination of an 
additional drilling sequence, thus accom- 


Figure 9 (left). 

Vibrationchanges 
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Curve |—initial 
balance; Curve 
|] — compromise 
mechanical bal- 
ance; Curve |I|— 
final balance after 
thermal balancing 


Figure 10 (right). 
Vibration drift 
with respect to 
time produced 
by a shaft rub 


plishing a desirable reduction in the 
balancing time. 


Normal Shop Procedure 


As part of the normal shop balancing 
procedure the rotor is heated to a uniform 
temperature of 130 degrees centigrade 
and balanced to its full operating speed of 
3,600 rpm. To insure that complete ad- 
justment of the various components and 
the organic insulation has taken place, 
the rotor is seasoned for eight hours at 
full speed and temperature and is given a 
shakedown run at 110 per cent of normal 
speed. 

Experience has demonstrated the 
effectiveness of this procedure in pro- 
ducing a rotor which will remain stable 
during normal operation. 

After a final touch-up balance the rotor 
vibrations are checked in both the hot and 
cold conditions to uncover any tendency 
for thermal variations. With the present- 
day equipment and techniques, the 
normal balancing and seasoning period 
for large rotors averages approximately 
five days, which represents a considerable 
reduction from the three to five weeks re- 
quired in the early history of turbine 
generators. 

All rotors are rechecked in the frame 
during routine shop tests and are given 
overspeed tests of 120 per cent to demon- 
strate their stability and reliability. A 
typical test setup utilizing a geared d-c 
drive is shown in Figure 7, 

The manufacturer’s limits of vibration 
on the rotor journals and collector rings 
have been set at a sufficiently low value 
that touch-up balance in the field nor- 
mally is not required. Under these condi- 


tions the frame and bracket or bearing 


vibrations are well within acceptable | 


limits. 
Thermal Balancing 


With the advent of the longer and 
larger diameter rotors associated with — 
modern high-capacity 3,600-rpm gen- 
erators, occasional cases are experienced — 
where a change in balance occurs with 
rotor temperature. Normally, these 
isolated cases arise from a slight bowing 
of the shaft such as might be produced by 
minor temperature variations across the 
diameter of the rotor or by differential 
expansion of the several dissimilar ma- 
terials. 

In any case, the initiating factor is | 
small as demonstrated by the minor diam-__ | 
etral temperature gradient of approxi- 
mately one-fourtieth of a degree centi- 
grade per inch required to produce an ap-__ | 
preciable effect in a rotor. While careful | 
control is exercised over all components, 
commercial tolerances in insulation, slot 


and copper dimensions, and vent ducts | 


could in combination produce variations 
of this order. Nonuniform paint thick- 
ness or accumulation of dirt in air-cooled 
machines also may be a factor. ; 

Sensitivity to such variations increases — 
with rotor size so that this effect was not — 
evident on smaller units. In addition, it 
was more difficult to recognize in the past 
since reliable checking apparatus was not 
readily available and users, consequently, — 
were not as vibration-conscious as at pres- 
ent. If the observed change is small, itis — 
possible to make a compromise mechani- _ 
cal balance such that the shift passes — 
through zero while maintaining the maxi- 
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mum amplitudes of vibration within ac- 
ceptable limits. If the change is con- 
sidered to be excessive, however, it is 
possible to balance the rotor thermally by 
a method that is both inexpensive and 
highly satisfactory. Thermal balancing,® 
as employed in this case, consists essen- 
tially of neutralizing troublesome tem- 
perature distortion of the rotor by effec- 
tively introducing a counterbowing by 
means of an artificial temperature gradi- 
ent across the diameter of the rotor. This 
may be accomplished simply by partially 
obstructing the axial ventilation ducts 
with special silicone rubber plugs. The 
plugs are 1/2 inch in thickness and are 
inserted under the overhanging end turns 
by means of the tools shown in Figure 8, 
which also illustrates the method of in- 
serting the plugs in a rotor. 

The procedure consists of determining 
the vibration characteristics of the rotor 
versus the rotor temperature rise through- 
out its normal operating range, first with- 
out plugs and secondly with a trial set of 
plugs. It is possible initially to estimate 
the approximate required location of the 
plugs so that the final step consists of 
making a simple corrective move both in 
number and phase location of the plugs. 
Since these trials normally are performed 
with air as the cooling medium to facili- 
tate the work, a slight overcorrection is 
employed to allow for the greater cooling 
efficacy of hydrogen. If required, a 
mechanical compromise also is incorpo- 
rated to yield the best possible operating 


3 balance. 


All large units currently are checked for 
this condition during shop tests and cor- 
rections are made if necessary. The same 
procedure can, of course, easily be em- 
ployed in the field if such occasion should 
arise. The normal incidence of trouble- 
some cases is small as only five units have 
been involved out of all the large gen- 


_ erators constructed during the past five 


years. 
To illustrateithe effectiveness of the 


_ thermal balancing procedure, an extreme 


case, as experienced on a large rotor hav- 


_ ing a weight of the order of 45 tons, will 


be presented. 

During initial operation, the rotor 
Vibration amplitude was observed to 
change as shown in Curve I of Figure 9 
for one characteristic point on the shaft. 
It was not possible to operate at high 


loads, or high rotor temperature rise, 


without exceeding a safe vibration limit, 


_ so that a mechanical balance was made to 
_ favor the vibration level at the higher load 
- condition. 
_ characteristics are shown in Curve II of 
_ Figure 9. 


The subsequent vibration 


By the introduction of six plugs on each 
end of the rotor plus a mechanical com- 
promise balance, the vibration charac- 
teristics were reduced as shown in Curve 
III of Figure 9. The maximum thermal 
change then was only 20 per cent of that 
originally observed, while the maximum 
vibration of the shaft at any load was well 
within normal tolerances. 

The increase in field temperature re- 
sulting from the introduction of the plugs 
was less than one degree centigrade, and 
since the normal field temperature rise 
was low, this slight increase was accept- 
able. 


Other Problems in Vibration Control 


Control of unbalance vibration has 
been of primary concern in this discus- 
sion. However, other vibration phenom- 
ena that may be encountered in rotating 
machines should be mentioned. Of in- 
terest is the forced vibration caused by 
oval, 3-sided or 4-sided journals which ex- 
cite frequencies of two, three, and four 
times running speed. The errors in 
journal roundness usually are extremely 
small and often are difficult or impossible 
to detect by standard micrometer meas- 
urements. Nevertheless, if a natural 
frequency coincides with the impulses of 
the out-of-round journal, the high mag- 
nification at resonance results in serious 
vibration, particularly when involving 
overhung masses from the out-of-round 
journal. Out-of-round journals some- 
times are traceable to errors in shaft 
centers caused by improper use of reamers 
or nonuniformity of reamer cutting action 
produced by local hard spots in the ma- 
terial, the error pattern of the center being 
duplicated in subsequent journal machin- 
ing.’ Correction may involve detuning 
the vibrating system, but in some cases 
this may not be wholly practical. In- 
stead it may be more desirable to elimi- 
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nate the journal errors by careful lap- 
ping. 

Double-frequency vibrations also may 
occur on large 2-pole rotors because of the 
difference in mechanical rigidity of the 
two major axes. This problem can be 
avoided by proper provision of transverse 
slots in the pole face to produce uniform 
deflection of the rotor in all planes. 

Sometimes rubs occur under certain 
operating conditions because of lack of 
clearance between rotating and stationary 
parts. The rub, usually at the most ec- 
centric point, causes heating and dis- 
tortion, and the original unbalance com- 
plemented by the distortion unbalance 
leads to a new eccentricity at some angle 
of lag to the original eccentricity. The 
rotor now is rubbed at the new high spot, 
with the resuit that such a process may 
continue indefinitely. The vibration also 
may continue to increase so that the 
machine will have to be shut down, or the 
rotor may rub itself free. Measurements 
of rotor vibration reveal a phase wander- 
ing in a direction, for the most part, op- 
posite to the direction of rotation, Figure 
10. This wandering or drift of the phase 
of the vibration affords a means for de- 
tecting a rub and indicates that inspec- 
tion for adequate running clearances is in 
order. The cycling time depends largely 
on the type and location of the rub and on 
the relation of the operating speed to the 
critical speed. 

Where rubs are severe and impacting 
occurs, a self-excited vibration subhar- 
monic resonance may occur.’ The mo- 
tion is nonlinear with a fundamental fre- 
quency of 1/2, 1/3 ... of running speed. 
Of the higher harmonics that exist in the 
motion one thus corresponds to running 
speed. Hence, unbalance forces can do 
work on this harmonic and sustain the 
complete nonlinear motion. This type of 
vibration is not uncommon where cou- 
plings or bearings are out of alignment, 
particularly when appreciable unbalance 
exists. It appears that subharmonic res- 
onance sometimes is mistaken for oil 
whip, another self-excited vibration 
phenomenon. Oil-whip frequencies in- 
variably are less than 1/2 running speed? 
and bear no simple numerical relationship 
to running speed, whereas subharmonic 
frequencies are exactly 1/2, 1/3, 1/4 ... 
running speed. Typical records of oil- 
whip and subharmonic resonance are 
shown in Figure 11 and show clearly the 
differences in the two types of vibration 
phenomena. (It is only incidental that 
the oil-whip record was taken from an 
1,800-rpm machine, whereas the sub- 
harmonic vibration occurred on a 3,600- 
rpm machine.) 
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Conclusions 


The equipment and methods utilized in 
the current balancing practice for high- 
speed electric rotors have been described. 
Coupling the generator rotor to the tur- 
bine rotor will alter, in general, the crit- 
ical speeds of the combined unit some- 
what, but the amplification factors at the 
operating speed will be essentially the 
same, Consequently, if each component 
is properly machined and balanced, the 
assembly also will be in balance. The 
effectiveness of this practice is demon- 
strated by the unusually low number of 
cases where additional balancing is re- 
quired in the field. 

The usefulness of thermal balancing 
in those few cases where temperature dis- 


tortion is appreciable has been described. 
Other problems in vibration control, such 
as out-of-round journals, distortion due to 
rubs, and self-excited vibration phenom- 
ena, have been discussed and corrections 
indicated. 

While control of unbalance vibration of 
electric machines is particularly effective, 
we should not overlook the rapid in- 
creases in sizes and speeds of rotors, which 
place increasing emphasis on improved 
balancing instrumentation and _ tech- 
niques and on the complementary aspects 
in the design and manufacture of rotors. 
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Discussion 


L. P. Grobel (General Electric Company, 
Schenectady, N. Y.): The authors have 
written a worth-while paper which shows the 
rather elaborate equipment necessary to ob- 
tain the accurately balanced generator rotors 
desired for modern high-speed machines. 
Our experience has shown that such equip- 
ment is extremely valuable, since effective 
corrections for unbalance forces can be made 
more quickly and accurately than by run- 
ning large high-speed rotors in their arma- 
tures. It is interesting to note that the 
balancing rigs, the instrumentation, and the 
methods of compensating for unbalance de- 
scribed in the paper are similar to those em- 
ployed by the General Electric Company. 
Probably this is natural, as it seems likely 
that there is just one general solution to the 
problem of precision balancing these rotors. 

The authors describe the method of heat- 
ing the rotors in the balancing rigs in which 
the heating units are inside the balancing rig 
enclosures, but external to the rotors. It 
appears, then, that current is not supplied to 
the rotor windings at this time. Does this 
mean that when thermal balancing is re- 
quired on an occasional rotor the thermal 
balancing is done later, when the rotors are 
run in the armatures? 

Referring to the shaker tests described in 
the paper, Figure 4 of the paper shows an ob- 
served second critical speed of 5,100 rpm. If 
this is obtained by vibrating a high- speed 

_Totor w eighing 50,000 pounds or more it in- 
dicates extremely stiff rotor supports. 
Equally stiff bearings and bearing supports 
in the balancing rigs would mean that the 
rotors are balanced on more rigid supports 
than the foundations on which the rotors run 
in the power stations. 

Oil-film flexibility is described as being 
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the cause of the depression of critical speeds 
of generator rotors below the infinitely stiff 
support condition assumed in calculating 
critical speeds. We have been interested in 
the effect of oil-film flexibility on lowering 
critical speeds; however, we have been un- 
able to obtain any real evidence that it is an 
important factor on large rotors such as the 
authors describe. Our present data indicate 
rather that flexibility and mass of the 
foundation and other supporting members 
have the major effect. 

The authors mention a case of oil whipping 
of an 1,800-rpm machine. We have not ob- 
served oil whipping of an 1,800-rpm turbine 
generator and consequently are interested 
in the circumstances responsible for this 
type of vibration. It might be assumed 
that depression of the rotor critical speeds 
caused by unusually flexible supports would 
be responsible. If the authors have the in- 
formation it would be interesting to know if 
this was the cause of the oil whipping or, if 
not, what the contributing factors were. 


C. M. Laffoon, A. C. Hagg, C. H. Janthey, 
and P. R. Heller: Mr. Grobel’s comments 
relative to the parallel experience of his 
company are of interest. The equipment 
and methods developed by the industry for 
the precision balancing of large high-speed 
rotors represent many years of painstaking 
effort to provide the ultimate consumer with 
the most efficient and reliable generating 
units possible. 

Referring to the question concerning the 
seasoning cycle, the rotors are heated by ex- 
ternal heaters rather than by the rotor coils 
primarily to avoid heating and distortion of 
the balance rig and equipment by the rotat- 
ing flux field. Since thermal balancing is 
required rarely and should be performed 
under the same ventilation characteristics 


experienced in the stator, the most natural | 


sequence of operations is to include the ther- 
mal balancing procedure during commercial 
testing of the unit. No major disassembly 
of the generator is required, so that no seri- 
ous production delay is involved. 4 


In discussing the application of a me- | 
chanical shaker to the determination of nat- | 


ie 


ural frequencies and modes of rotor vibra-_ : 


tion, it was merely pointed out that the influ- _ 
ences of oil films and gyroscopic effects are 


excluded because the rotor is stationary in } 
The authors agree that the flexi- _ 


A 


bility and mass of the foundation and other — 


the rig. 


supporting members can have considerable 
effect ; 
shaker test. In certain cases, reductions of 
20-25 per cent in the actual critical speed 


have been observed, which unquestionably | 
were caused by oil-film flexibility as indi- 
cated, first, by large motions of the journals _ 
as compared to motions of the bearing supa | 

secondly, by comparison to © 


ports and, 


shaker tests. In addition, proper theoreti- 


cal allowances for oil-film effects correlate | 
well with actual performance. h 


The operating characteristics of the rotors 
in the balancing rigs are in satisfactory 
agreement with those observed on the 
assembled units. Consequently, it is be- 


lieved that the rigs approximate, as closely — 


as is feasible with single units, the flexibilities 
and. masses encountered in most practical 
foundations. 


The vibration record of oil whip (Figure 


11 of the paper) was intended to be signifi- 
cant only in illustrating the difference be- 


tween this vibration phenomenon and sub- | 


harmonic resonance. The record actually 


was taken on a test machine, and to the | 
authors’ knowledge oil whip on an 1,800-rpm ~ 
turbine generator has not been observed. | 
This phenomenon is associated principally | 


with higher speed units. 


oe 


‘ 
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these, however, are included in a d 
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~ Pulse-Time Modulation Telemetering 


i 

Synopsis: The Naval Research Laboratory 
_has designed and operated two long-range 
‘multichannel pulse-time modulation telem- 
_etering systems for over 55 V-2 and Vik- 
ing rocket firings at the White Sands Prov- 
ing Grounds. Design and operational data 
_are given for a 23-channel, 1-kw peak pulse 
power system and for an improved 30- 
channel, 4-kw peak pulse power system, to- 
gether with photographs of the equipment 
and sample records obtained. 


SPHE USE of any rocket as a vehicle 
EH for upper-atmosphere research is 
premised on the ability of the research 


in to recover data originating 


within the rocket during flight. Actual 
-tecovery of a record either by ejection 
during flight or from the wreckage after 
| impact presents problems of considerable 
“magnitude that have as yet been solved 
only partially. At present, although 
“physical recovery methods have been 
tilize, telemetering techniques appear 
to furnish the most satisfactory means of 
data recovery for high-altitude research in 
ockets. 

Radio telemetering equipment designed 
the Rocket Sonde Research Branch 
the Naval Research Laboratory has 
en used at the White Sands Proving 
ounds for recording data throughout 
e flights of 45 V-2 and Viking rockets. 
e service furnished to perform this 
ction is basic both to the upper- 
osphere research program and to 
c rocket performance studies. Typi- 


er 51-98, recommended by the AIEE Special 
mmunication Systems Committee and approved 
the AIEE Technical Program Committee for 
sentation at the AIEE Winter General Meeting, 
York, N. Y., January 22-26, 1951. Manu- 
submitted November 9, 1949; made available 
printing January 8, 1951. 


T. MENGEL is with the Naval Research 
Laboratory, Washington, D. C. 
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Systems for Rocket Application 


JOHN T. MENGEL 
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cal of the basic research data telemetered 
by the system are temperatures and pres- 
sures in the upper atmosphere, cosmic 
radiation characteristics, ionosphere prop- 
erties, solar radiation, and pulses from 
auxiliary equipment to indicate altitude 
of operation by reference to flight time in- 
cluded on the final telemetering record. 
For studies of rocket performance, data 
are telemetered on such quantities as 
speed, acceleration, altitude, engine pres- 
sure, pump pressure, skin temperature, 
and control fin operation. 

The over-all telemetering problem in- 
cludes the functions of measuring, of 
transmitting, of receiving, and of record- 
ing. This paper discusses only the last 
three of these functions, the first function 
being the responsibility of the experi- 
mental or rocket group for whom the te- 
lemetering is being performed. In order 
to permit a standardized telemeter trans- 
mitter to be used, a characteristic voltage 
range for data has been adopted of from 
0 to +5 volts, which is to be provided 
by all experimental groups. 

Up to the present time, the Naval Re- 
search Laboratory has provided and oper- 
ated two types of telemetering systems 
at the White Sands Proving Grounds, 
each of which utilized pulse-time modu- 
lation of an r.f. (radio frequency) carrier 


to convey the channel data intelligence to 
a ground receiving station where a con- 
tinuous record of all channels was made as 
a function of channel voltage versus time 
for the 300 or 400 seconds of flight. This 
paper discusses the operation of both 
systems in an attempt to explain the 
growth of the, pulse-time modulation 
system in this application. 


Sequential System 


TELEMETER TRANSMITTER 


The first telemetering system put in 
operation at White Sands was a sequential 
pulse-time modulation system. This 
system converts the data voltages into 
time intervals. These intervals, defined 
by voltage pulses, correspond in length 
to the data voltages. The data voltages 
are sampled in a specific order and are 
used to generate a series of pulses, the 
time intervals between which measure 
the sampled data voltages. These inter- 
vals maintain the same time sequence as 
the sampled voltages, the pulse marking 
the end of one interval serving as the 
initial pulse of the succeeding interval. 
A complete sampling of all data voltages 
is used to form such a group of time in- 
tervals periodically, at a rate determined 
by a master keyer. The distinction be- 
tween different groups is made possible 
by a gap between groups of time intervals 
determined by the master keyer period. 

Figure 1 is a block diagram of the telem- 
eter transmitting unit for the sequen- 
tial system. This unit converts the data 
voltages into time intervals between 
pulses and modulates an r.f. oscillator 
with these pulses for transmission to the 


ae OF DATA 


SOURCE OF DATA 
VOLTAGE 2 


SOURCE OF DATA 
VOLTAGE N SRLS 


VOLTAGE | 


CALIBRATOR 


MASTER KEYER 
MULTIVIBRATOR 


CHANNEL 1 
MULTIVIBRATOR 


CHANNEL 2 
MULTIVIBRATOR 


CHANNEL N 
MULTIVIBRATOR 


Figure1. Block diagram 
of sequential telemeter 
transmitting unit 
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round station via a radio link. A master 
eyer multivibrator running with a con- 
tant period of about 5,800 microseconds 
enerates the first pulse of each group. 
his pulse is fed to a channel collector, 
| circuit common to all channel outputs, 
ind also to channel multivibrator number 
, as a trigger. All channel multivibra- 
ors are of the ‘“‘single-kick,”’ or self- 
eturning, type, the recovery time of 
vhich is determined by the corresponding 
hannel data voltage, which is fed into 
he control grid of the normally ‘‘off”’ 
ube. Upon recovery, channel multi- 
ibrator number 1 delivers a pulse to the 
hannel collector, and also to channel 
nultivibrator number 2. The multi- 
ibrator of channel number 2, in turn, 
riggers that of the next channel and de- 
ivers an output pulse to the collector. 
“his process is repeated in sequence until 
ll time channels have operated, after 
yhich the circuit is quiescent to transmit 
he gap necessary for ground station 
ynehronization, after which the master 
eyer again initiates the sequence. The 
hannel output pulses delivered to the 
hannel collector by the various multi- 
ibrators are fed to a blocking oscillator 
o form 1.0-microsecond pulses of suffi- 
ient amplitude to key a normally off- 
ower modulator which pulses a very 
igh frequency power oscillator. 

Figure 2 gives a circuit diagram of the 
slemeter transmitter unit. Tubes V-1 
nd V-2 form the master keyer multivi- 
trator, with V-3, V-4, V-5, and V-6 
miming typical channel multivibrators. 
‘ube V-7 is the channel collector trigger- 
ig the output multivibrator, tubes V-8 
nd V-9. Tube V-10 is a cathode fol- 
ywer which drives tubes V-11A and 
-11B, the pulse former and buffer which 
ey the power modulator tube, V-12. 
he r.f. oscillator tube, V-13, is a light- 
ouse tube mounted in an L-band in- 
uctance-band very high frequency re- 
itrant line cavity, which drives a 50-ohm 
utput r.f. line by capacitative coupling, 
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Figure 3 (left). 

Sequential telem- 

eter transmitter 
set 


Figure 4 (right). 

Sequential trans- 

mitter showing 
modulator 


Figure 3 shows the sequential telemeter 
transmitter set as installed in V-2 rockets, 
with inside views shown in Figure 4. 
Pertinent characteristics of this unit are 
the following: 


1. 23 input data channels 

2. 180 samples per second per channel 
3. Oto +5 volts channel input voltage 
4. .110-megohm input resistance 

5. Over-all accuracy of +2 per cent 


6. Average output power in the r.f. pulse of 
lkw 

7. R. f. output frequency of 1,025 mega- 
cycles per second 

8. Alternate 0- and 3.5-volt calibration of 
all input channels every 20 seconds 

9. Dry battery high-voltage supplies, stor- 
age battery filament supply 

10. Case size 14 inches by 14 inches by 20 
inches, plus storage battery case 4 inches by 
8 inches by 6 inches 


11. Weight, 
pounds 


less r. f. feed cable, 150 
GROUND STATION 


Figure 5 is a block diagram of the 
sequential system ground station. The 


antenna is trained by an optical director 
or by signal-maximizing techniques to 
follow the rocket in flight. The detected 
output of the receiver is fed through a 
video amplifier into the decoder unit, the 
purpose of which is to recover the original 
voltage forms from the time-modulated 
pulses. 


The decoder input is fed to a pulse- 
width discriminator, which rejects pulses 
having appreciably different duration 
than 1.0 microsecond. The discriminator 
output is fed to both the synchronizing 
pulse generator and to the input of each 
channel separator after pulse inversion. 
The synchronizing generator output con- 
sists of one pulse at the start of every 
group of received pulses, which goes to 
channel separator number 1, triggering a 
multivibrator. This multivibrator is re- 
turned to its original state by the second 
pulse group now arriving from the in- 
verter. When separator number 1 is re- 
turned, it delivers a pulse which triggers 
number 2 separator. The return of 
number 2 separator is effected by the 
third pulse of the incoming series relayed 
by the pulse inverter. This action con- 
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Figure 5. Block diagram of sequential ground station 
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Figure 6 (left). Sequen- 
tial system record sec- 
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tinues, each channel separator triggering 
the following channel while being itself 
returned by the incoming signal. 

During the conduction period for any 
channel separator, the corresponding 
metering circuit is fed a constant voltage, 
the same for all channels, for a length of 
time equal to the interval representing the 
corresponding data voltage. A capacitor 
is charged thereby to a potential which de- 
pends upon the duration of the voltage 
applied. By a suitable circuit, this poten- 
tial is measured by a vacuum tube volt- 
meter, the magnitude being a linear func- 
tion of the original data voltage on that 
channel. This voltage is indicated on 
separate voltmeters for each channel and 
also is fed to a string galvanometer in a 
multichannel magnetic string oscillograph 
for recording on 91/2-inch film for the 
final record. Figure 6 shows a typical 
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record obtained with the sequential telem- 
etering system.“ Figure 7 shows one 
sequential system ground station as oper- 
ated at White Sands, complete except for 
the Hathaway magneticY string oscillo- 
graphs. 


Matrix Telemetering System 


As a result of an expanded V-2 firing 
schedule at White Sands, additional units 
beyond the 35 sequential telemeter trans- 
mitter unit originally ordered became 
necessary. The Naval Research Labora- 
tory therefore designed a second pulse- 
time modulation telemetering system to 
include improvements found desirable as a 
result of field usage of the sequential sys- 
tem. The following improvements were 
considered basic in any new system: 


1. Use of a definite coded pulse to indicate 


Figure 7 (left). Sequential 
system ground station 


Figure 9 (right). Matrix 
system telemeter transmitter 
set 
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the start of A new sampling group, rather 
than a gap as was used in the sequential 
system. 


2. Use of a ‘‘fly-wheel’’-type synchroniail | 
tion generator at the ground station. | 


3. Use of storage batteries for all power 
supplies, with converters to obtain the high 
voltages required for the transmitter. 


4. Use of a multistep calibration voltage 
operating at ten-second intervals. 


5. Use of direct photographie recording of 
the received video signal on cathode ray 
tubes, thus eliminating all ground station 
channel metering units. 


6. At least 3 kw of power in the r.f. output 
pulse. 


7. An over-all system accuracy of +1 
per cent, with channel crosstalk minimized. 


8. Quick-access-type case for ease of dis- 
assembly when required. 


9. Increase of data input channels to 30. 


The telemetering system developed to 
fulfill these requirements is called the 
Matrix Telemetering System, and the 
telemeter transmitter is designated the 
AN/DKT-2. 


Matrix TELEMETER TRANSMITTER UNIT 


The matrix telemetering system utilizes 
pulse-time modulation to convey 30 
channels of input information. Data in 
the form of varying direct voltages are 
supplied to the equipment from the vari- 
ous experiments. The data channels are 
sampled successively and the whole proc- 
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Figure 10. Interior, matrix system telemeter 
set showing r.f. and power converter 


ess is repeated at a 312.5-cycle rate. A 
coded triple pulse identifies the start of 
each group and establishes a time ref- 
erence framework, or matrix, of 32 inter- 
vals of 100-microseconds each. Within 
30 of these intervals, single data pulses 
occur, the position of the pulse within its 
interval indicating the voltage being 
measured on the channel. This chain of 
pulses is used to modulate an r.f. trans- 
mitter operating at a frequency of 1,025 
megacycles per second with an average 
power in the pulse of about 4 kw. 

Figure 8 is a block diagram of the 
matrix telemeter transmitting unit. This 
diagram shows the 10-ke oscillator to be 
the independent initiating part of the cir- 
cuit. The sine wave output of this os- 
cillator is fed to a multivibrator which 
serves to shape it to derive a series of 
pulses 100 microseconds apart from it. 
These pulses are fed through a cathode 
follower to a bus feeding each of the 32 
tubes of the electronic commutator. 
These tubes are arranged as a chain so 
connected that only one tube can conduct 
at atime. As any one of these thyratron 
tubes fires, it readies the next tube in the 
chain. Upon the ‘appearance of the next 
pulse on the triggering bus, conduction 
shifts to the next succeeding tube, and so 
on down through the whole chain of 32 
tubes, and the process is repeated when 
the last tube readies the first tube for con- 
duction. As each of the first 30 of the 
chain tubes fires in turn, it generates a 
sawtooth wave form which is added elec- 
trically to the input voltages for the chan- 
nels. When the sum of these two voltages 
reaches a predetermined level (as it will at 
some time during the 100-microsecond 
interval) it will cause its corresponding 
pick-off thyratron to fire, producing a 
time-modulated output pulse. The 
greater the input voltage, the sooner the 
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Matrix telemeter transmitting set 
showing premodulator 


Figure 11. 


sum of the input voltage and sawtooth 
will reach the firing voltage. The output 
pulses from the various channels are col- 
lected on a common bus. 

For synchronization of the time base 
generators at the ground station, a coded 
pulse group consisting of three pulses each 
separated by 7.9 microseconds is gener- 
ated in a multivibrator circuit triggered 
by channel 32. This multivibrator has an 
inductance-capacitance ringing circuit in 
the plate of the normally on tube having 
a 7.9 microsecond period, with associated 
limiting and differentiating circuits. This 
output is combined with the channel 
video pulses on the common bus. 

The output of the common bus triggers 
a blocking oscillator to form a 0.9-micro- 
second pulse, which is used to key on a 
coaxial inductance-band very high fre- 
quency cavity by means of a pair of 3£29 
modulators. The output of this cavity 
feeds a 50-ohm line with an average pulse 
power of 4 kw at a frequency of about 
1,025 megacycles per second. 

For calibration each input channel is 
connected to its data input via a single- 
pole double-throw micro switch operated 
by a synchronized motor-driven cam 
unit. For about 2 per cent of the time, 
data input is) removed from the input 
channel and a calibrating voltage, con- 
sisting of 1-volt steps from 0 to +5 volts, 
is substituted, derived from a voltage- 
regulated source. This step voltage is re- 
peated on each channel in sequence every 
ten seconds during flight. For any chan- 
nel requiring continuous input data re- 
cording, this calibration can be removed. 

For ease of dissassembly of the unit 
from the rocket, aircraft-type quick-dis- 
connect straps are used for mounting, with 
a vee-ring pressure seal using similar 
quick-disconnect toggle snaps to seal the 
pressurized transmitter case to its top 
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bulkhead. Figure 9 shows the AN/DKT- 
2(X N-1) telemeter transmitter set as used 
in V-2 rockets, with Figures 10 and 11 
showing internal views of the set. 

The total weight of the telemeter 
transmitter set, with batteries suitable 
for 30 minutes’ operation, is about 130 
pounds. Two Willard-type-ER-8-28, 28- 
volt plastic-cased storage batteries are 
used in conjunction with a vibrator-type 
converter unit to provide the various 
plate voltage and bias supplies, and four 
type-ERH-25-2, 2-volt plastic-cased stor- 
age batteries are used for the filament 
supplies. Total power requirements for 
the system are 15 amperes at 28 volts and 
20 amperes at 8 volts. 


Matrix GROUND STATION 


Each ground station comprises four 
racks of two main types of unit. The 
monitor rack contains receiving and de- 
coding apparatus as well as a monitoring 
oscilloscope. Three recording racks, all 
identical, are used with each ground 
station. 

The ground station receives the re- 
current train of pulses from the remote 
transmitter in a suitable receiver. The 
triple pulse is recognized by a discrimi- 
nator and is used to generate a 10-kc ma- 
trix in exact phase with the matrix in the 
transmitter. From this, signals are ob- 
tained at any particular time in the ma- 
trix which are used to generate the sweep. 
voltages for the cathode ray tubes on 
which the data are presented as intensity 
modulation. Pulses generated at the be- 
ginning of each matrix interval also are 
applied to the display and the scopes are 
photographed on a continuous-film cam- 
era. There results a graph of the varia- 
tion of the input voltage with time, with 
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BLOCK DIAGRAM 
MATRIX SYSTEM GROUND STATION 


Block diagram matrix system. 


Figure 12. 
: ground station 
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reference lines (which do not vary in 
position) between each of the data lines. 
Each ground display has six cathode 
ray tubes upon which the 30 data chan- 
nels can be applied in any combination. 
Sweeps of appropriate duration and tim- 
ing in respect to the triple pulse are so 
arranged that one tube after another is 
swept in succession until all channels are 
recorded. Additional information also is 
supplied on the record by the application 
of signals to the cathode ray tube to in- 
dicate time from a standard source. 
Referring to the block diagram for the 
matrix-system ground station, Figure 12, 
main signal paths are indicated by heavy 
lines. The receiver delivers the video 
signal on two lines—to the recording 
racks and into the synchronizing pulse 
discriminator, where the triple pulse is 
recognized—and supplies a pulse which is 
used to phase- and frequency-lock the 10- 
ke matrix oscillator to the air-borne os- 
cillator. The output of the oscillator is 
shaped and fed into the scale-of-32 binary 
counter. This counter operates in syn- 
chronism with the chain counter in the 
air-borne unit. It is reset by the syn- 
chronizing pulse, when necessary, so that 
particular states correspond in both units. 
By means of resistor networks from dif- 
ferent stages of the counter, the state 
selector delivers a timed series of 100- 
microsecond long pulses to a patchboard 
on the panel of the unit. Suitable con- 
nections are made to the trigger and gate 
unit to form gates for controlling the 
sweep circuits in the recorder racks. 
There are several auxiliary units in the 
monitor rack. The frequency monitor de- 
termines whether the matrix oscillator is 


Figure 14. Typical 
record matrix telem- 
etering system 
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operating on the proper harmonic of the 
312.5-cycle synchronizing signal, and in- 
dicates the proper frequency by means of 
lights on the face of the unit. The moni- 
tor oscilloscope is used for adjustment of 
the units and for monitoring the signal 
during operation. It is swept from asso- 
ciated generators which are synchronized 
from 312.5-cycle and 10-ke pulse sources. 
Appropriate power supplies are included 
in the unit, as are switches to control the 
operation of the recording racks. 

Each of the three recorder racks con- 
tains a double recording unit consisting 
of two type-5RP11 cathode ray tubes 
and a continuous 9!/.-inch film camera. 


Figure 13. Matrix system ground station at White Sands 
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Appropriately timed gates from the 
monitor rack allow sweep generators to 
operate one after another and, at the same 
time, unblank the cathode ray tube so 
that the video pulses from the receiver in 
the monitor rack can be presented as 
intensity modulation on the tube. Neces- 
sary video amplifiers are included in this 
unit, as are circuits for mixing the video 
with timing signals and with the refer- 
ence pulses generated by the 10-ke ma- 
trix oscillator on the ground. There also 
are controls for positioning and focusing 
the cathode ray tubes, as well as necessary 
power supplies. 


The image on the face of the cathode 
ray tubes is focused on a slit on the front 
plate of the unit by means of two lenses, 
placed side by side. A film magazine is 
placed so that the image from both tubes 
is recorded on it as the film is drawn con- 
tinuously past. 


The ground station operates on 110 
volts, 60 cycles alternating current, with 
a power consumption of about 3,000 
watts. Voltage regulation of the primary 
power for these units is obtained from 
Sola Constant Voltage transformers. All 
plate supplies under 600 volts are electron- 
ically regulated against load variations. 
The high voltage supvlies required for 
the cathode ray tubes are —2,000 volts 
obtained from a conventional trans- 
former-rectified unregulated circuit and 
= 10,000 volts obtained from an r.f. power 
supply operated from an electronically 
regulated 300-volt power supply. 

Because of the complexity of the ground 
station circuits and the number of tubes 
involved, two complete and separate 


ATEE TRANSACTIONS 


_ground stations are used for every flight. 
In normal flights six 91/2-inch film rec- 
ords of about 120 feet in length are pro- 
duced, corresponding to about 450 seconds 
of flight. These films give a complete 
graph of voltage versus time for all 30 
channels and are reproduced in the form 
of black-line paper prints. 
_ Figure 18 shows one of the two matrix- 


b 


system ground stations as operated at 
White Sands, with a typical record section 
shown in Figure 14. 

Telemeter transmitting units for both 
the sequential system and the matrix 
system were designed by the Naval Re- 
search Laboratory. The former was 
built by the Raytheon Manufacturing 
Company, the latter by the Hazeltine 


Electronics Corporation. All ground sta- 
tions for both systems were designed and 
constructed at the Naval Research 
Laboratory. Present operation of the 
ground stations at White Sands is by a 
contract with personnel from the New 
Mexico College of Agriculture and Me- 
chanic Arts, assisted by Naval and Ma- 
rine technical personnel. 
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Some Design Criteria for Automatic 


Controls 


PAUL T. NIMS 


MEMBER AIEE 


Synopsis: The design of automatic control 
systems to give ‘‘optimum”’ response is dis- 
cussed in terms of the area between a step 
disturbance and the control response, It is 
shown that this ‘control area’, and also a 
“weighted control area’? may be calculated 
directly from the system parameters with- 
out finding the roots of an algebraic equa- 
tion, Assumed optimum values of these 
areas permit direct synthesis of the neces- 
sary control sensitivities for an “optimum” 
control response. An example of an air- 
craft engine control is given and the connec- 
tion with zero velocity error servos is shown. 


N RECENT years the analysis of 

automatic control systems has been 
discussed extensively from several stand- 
points. The earliest, and most direct, 
method is based on the solution of the 
differential equations of the system for 
some initial disturbance.42 This tran- 
sient analysis is perfectly general and, 
seemingly, may be applied to any prob- 
lem which can be formulated in differen- 
tial equations. However, even with the 
aid of the powerful methods of the La- 
place transformation, synthesis of a com- 
plex control is a difficult process. 

In synthesizing a control, the problem, 
after stability is achieved, usually is to 
choose the sensitivity factors, time lags, 
and inertias, which will give as rapid a 
response to disturbances as is consistent 


Paper 51-99, recommended by the AIEE Feedback 
Control Systems Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the ALEE Winter General Meeting, New 
York, N. Y., January 22-26, 1951. Manuscript 
submitted July 26, 1950; made available for print- 
ing December 14, 1950. 
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Alexander Chadwick, Discussions with Dr. A. W. 
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Trombly, of the University of Chicago, were also 
very helpful, 
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with reasonable deviations of the con- 
trolled variables. Obviously, the defi- 
nition of reasonable varies with the ap- 
plication of the control, as will be dis- 
cussed later, One author,® in order to 
facilitate calculations and permit the 
ready determination of constants of con- 
trol systems, has calculated ‘standard 
forms”’ corresponding to linear differen- 
tial equations up to the sixth order. 
These forms define a reasonable response 
for a special class of remote positioning 
controls. 

Other authors have noticed the simi- 
larity between the equations of a par- 
ticular class of automatic control systems 
and the equations of electrical amplifiers 
with a feedback connection. From this 
idea, the method of frequency response 
analysis has been developed into a useful 
tool for designing remote position con- 
trols.‘ The method considers the input 
to be a sinusoidal function of time and 
then determines the steady-state ampli- 
tude and phase relationships between the 
output and input over the important fre- 
quency range. The frequency response of 
an ideal system would have a flat am- 
plitude response and a zero phase re- 
sponse over the entire frequency range. 
As this cannot be obtained, a general de- 
sign rule used by A. C. Hall® is to limit the 
peaks of the amplitude response to from 
11/s, to 11/, and to place the predominant 
peak at a frequency at least three times 
the inverse of the period allowed for a 
transient to disappear. A more recent 
paper by H. Chestnut and R. W. Mayer? 
gives detailed design criteria of this type 
for certain classes of systems. 

The frequency analyses method is 
widely used for the design of servomecha- 
nisms and is especially useful for single 
loop systems with feedback independent 
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of frequency, as many graphical methods 
are available. However, some kinds of 
aircraft engine controls have two con- 
trolled quantities (speed and torque) and 
two variables available for control (pro- 
peller pitch and fuel flow). These quan- 
tities are interrelated within the power- 
plant in a complex way and are subject 
to step disturbances initiated by the pilot. 
For problems concerning this kind of 
regulators and governors, the transient 
analysis method is preferable; and it can 
be made to yield numerical information 
on the amount of overshoot of the con- 
trolled quantity. 

Although, for many controls, a limit on 
this overshoot together with as rapid as 
possible a reduction in the magnitude of 
error is the criterion of design, these data 
cannot be entered directly into an equa- 
tion which will give the needed control 
sensitivities. It has instead been neces- 
sary to analyze a series of designs for 
their transient behavior in order to find 
the sensitivities required. 

For the case of controls analyzed by 
the transient method, it has been pro- 
posed that the ‘‘control area”’ be used as a 
design criterion.’ That is, if the re- 


sponse is known to be overdamped, it is 
proposed to compute the area included 
between the curve of a step function dis- 
turbance and the response curve and at- 
tempt to minimize this quantity. Figure 
1 shows the nature of this area for the 


Figure 1. The control area for an over 
damped response to a step disturbance 


Figure 2. The effect of minimizing control 
area without regard to the degree of damping 
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Figure 3(A). Control area for a typical 

underdamped response to a step disturbance 

Figure 3(B). Weighted control area for the 
above case 


limiting case of a periodic response. 
However, many controls require a faster 
response, that is, slightly oscillatory, and 
further, the degree of damping obtained 
in a control is one of the unknown quanti- 
ties in the problem. In fact, the criterion 
of minimum control area applied blindly 
is likely to give the result shown in Figure 
2 where the response becomes more 
violently oscillatory as the net area ap- 
proaches zero. 

However, contemplation of the over- 
shoot in this error curve suggests a more 
useful criterion than this control area. 
We can see that the initial error will al- 
ways be present in many physical control 
systems, but the magnitude of the error 
at later times may be minimized by suit- 
able selection of control sensitivities. 
Hence, study of an error curve weighted 
in accordance with some function of time 
would lead to a more useful criterion. 
One such weighted error curve would be 
simply ¢ times the error, as shown in 
Figure 3. The criterion is then the 
“weighted control area.’”’ This quantity 
does not give any direct information 
about the magnitude of the overshoot 
following a step disturbance, nor about 
the response to sinusoidal disturbances, 


- but the two control areas and a certain 


ratio of them (to be defined) give numeri- 
cal measures of some of the properties of 
the response to step disturbances and are 
of use in the design of certain types of 
controls. This paper is concerned with 
the derivation and use of a simple formula 
for the weighted control area. 


Formulation of a Typical Control 
Problem 


Consider an automatic control system 


such as one that might be used to govern 
an aircraft engine. In Figure 4 the in- 
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Figure 4 (left). Block 
diagram of a typical Q 
controlled system E 


put quantities are the governor setting 
N* and the engine torque Qs and the 
output quantity is the engine speed JN. 
In a more general problem there might be 
additional disturbing torques caused by 
variations in airspeed or even by an auto- 
matic control system for the engine 
torque; however, a simple problem will 
best show the method. 

Inasmuch as the system is usually in 
balance before a change in operation takes 
place, it is convenient to write equations 
representing only the changes in the 
variables. That is, N* is the change in 
governor setting and JV is the change in 
speed. Under these conditions N(0) = 
N’(0) =N"(0) =0 and the initial condi- 
tions of the differential equations are 
vastly simplified. 

We may now write down the differen- 
tial equations representing the accelerat- 
ing torques on the engine, the behavior of 
the propeller governor chosen, the pro- 
peller load torque, and any time lags in 
the system. This gives a set of differen- 
tial equations to be solved subject to an 
assumed disturbance to the controls or 
engine. 

As mentioned above, the Laplace 
transformation is useful in solving the 
differential equations of control systems 
as it permits the substitution of a set of 
algebraic equations in a new variable 
S for the differential equations in ¢. It is 
treated in detail in several books®” and 
only a few necessary theorems will be 
mentioned here. However, the definition 
of the transform is 


LI N(t)} =n(S)= fre™ Neat 


provided the integral converges for some 
value of the complex variable S. And 
from this definition it may be shown that 
(for zero initial conditions) 


L{ N“(t)} =Sn(S) 
L{N"(t)} =S'n(S) 


and 


an Vt 
14 fxd Palate: 


Thus the differential (or integral) equa- 
tions representing the elements of our 
control system (initially in balance) may 


ENGINE AND PROPELLER 


be replaced by algebraic equations by 
writing S” for d”/dt everywhere and 
1/S for So! where needed. The set of 
equations may then be solved by ordinary 
algebraic methods to give 


n*(S)a(S)-+a0(S)e(S) 


n(S)= x(S) 


where a(S), b(S), c(S) are rational alge- 
braic functions of the complex variable 
S. Fora normal transient analysis, a step 
function change in governor setting would 
be made (n*(S)=1/S) or a step change in 
engine torque (qg(S)=1/S) and the in- 
verse transformation of (S$) computed 
by reference to a table of transform pairs. 
This requires factoring 6(S) into linear 
and quadratic factors, and is a laborious 
numerical procedure for complicated 
systems. Further, a numerical solution 
gives little information about the ef- 
fect of various control parameters. 

Without going through the inverse 
transformation, useful information still 
can be obtained. Stability can be ex- 
amined by investigating the roots of 
b(S)=0 by the Routh-Hurwitz criterion. 
Stable behavior will obtain if the real 
parts of the roots are negative. 


Test Functions of Routh and 
Hurwitz 


The real parts of the roots of b(S)= 
BaSi ct De Sem tareera b,S+bo=0 will be 
negative provided: 

1. All the terms have the same sign. 

2. If b, is positive, all the following 
are positive: 


Ti =bn_1 
i Dre bn 
bn—3 ns 
bn_1 bn 0 
T3 = bn—s bn—2 Dn—1 
bn—s bn—s bn—s 


and so forth, until a determinant iden- 
tically zero is reached. The total number 
of test functions is usually equal to the 
degree of the equation. 

For a third order system, we would 
have: 


b3S3+- b2S?+-biS +o =0 


If all the coefficients are positive, 7), is 
satisfied. ZT» will be positive if b2b1> bobs 
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and 73 will be positive if bebibo> bobs. If 
the coefficients are positive these last two 
criteria are identical. For higher order 
equations, more criteria of stability will 
have to be satisfied. 

We may also examine the final value of 
N(t), that is, its value as t>°. The 
theorem of final value states that: 

Lim Sn(S)=Lim N(¢) 

sS—0 to 

Provided that the real parts of the roots 
of b(S) are not zero and negative, that is, 
provided that the system is stable. 

For this case, if a unit step function 
change in governor setting and a unit step 
function change in engine torque are made 
(n*(S) =1/S and qp(S)=1/S) we have: 


1 AmS” + ... US+a 
S bS!+....d:S+bo 
1 GS eee oS+co 


SS +..... biS+do 


nS) = 


Lin Su(S)s ae) 
s—0 bo bo 

The first term represents the response to a 
change in governor setting and should be 
equal to | for the kinds of governors com- 
monly used for engine control. Hence, 
we choose d)=bo. The second term is the 
final speed after a change in torque and 
should be zero with this type of governor. 
Hence, we choose c)=0. Calculation of 
these two final values is usually merely a 
check on the formulation of the problem, 
as the control is chosen heuristically to 
achieve these results. With these proper 
final values the error at any time is 
N(t)—1 for a unit step change in governor 
setting and no change in engine torque. 


Computation of Control Areas 


As was mentioned above 


Likewise 


t 
14 Toeynid | a=us 
0 


Therefore the final value theorem gives 


t 
Lim f [N(7)—1 dr 
t—> oo 0 
: S)=1 
mung MO |r| ws)—5] 


provided the integral exists. The in- 
tegral will converge if b(S)=0 has no 
roots with zero or positive real parts. 
This integral is the “control area” men- 
tioned above, which we will call 44. 
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ee DS ed alae 


bjS?'+....byS+bo 
If we remember that ap= do, 


a—by 


eae bo 


In similar fashion, we may find the con- 
trol area for a unit step change in torque, 
where the error is V(t) as co=0 


t 
Age Ninn We niedrt ae 
S—0 0 bo 


provided the roots of b(S) =O are proper. 

These control areas are easy to com- 
pute from the transform expression, but, 
as mentioned above, simply making them 
a minimum by adjusting the system 
parameters may give a wildly oscillating 
system. 


Weighted Control Areas 

Another theorem of Laplace transform 
theory® gives the transform of ¢ times a 
time function: 


L{tN(t)} = - (8) 


provided n(S) exists. Therefore, for a 
step change in governor setting 


L {t(N(t)—-1]} pe [ ws)-§ 


dS 
and 
: iG 1 
1} ff rintey~atde} = 4 At us)-¥] 
and 


provided the integral converges. This 
will be true if the roots of b($)=0 again 
have no zero or positive real parts. This 
is the Weighted Control Area Ay; 


Ay= 
amS” "+. .:S-+2— 
Lim — = b 
so) | aS. —bo8 
dS bjS?.. .byS++bo 


_ (ti —b1)bi— (a2 — be)bo 


= e 
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In similar fashion we may find the 
Weighted Control Area for a step change 
in torque 


© hen 
Ans {N(t)dt=—2 
0 bo? 


This now gives a choice of four ‘‘Areas’”’ 
which we may compute readily from the 
transform, and which are related in some 
fashion to the ‘“‘goodness”’ of the responses 
of the control. 


Example of Use of Control Areas 


As an example of the use of these quan- 
tities, let us consider a simple second 
order control system, comprising an air- 
craft engine and a propeller governor. 
Over a moderate range of engine speeds, 
the torque depends only on throttle 
setting and is independent of speed, that 
is, the change in engine torque Q, is a 
constant for each change of throttle set- 
ting. However, the propeller torque is a 
function of both propeller blade angle and 
engine speed. For moderate changes, the 
following expression represents these ef- 
fects well enough 


Q,=cN+4P 


where N is the change in engine speed 
from an initial steady state, P is the 
change in propeller blade angle from an 
initial equilibrium position, and ¢ and d 
are numerical coefficients. The differ- 
ence in these two torques represents the 
torque available for acceleration 


dN 
Qz—Qp=2nl —- =Oz—cN—dP 
Let us choose a simple governor, having 
what some servomechanism texts would 
call integral control. 


P=K, f,\(N—N*)dt 


A more familiar form for the governor — 
equation is 

dP 

— =K,(N—N* 

i 1( ) 

In transform notation these equations are 


(remembering that all initial values are 
zero) 


2rISn(S) =qn(S)—cn(S)—dp(S) 
Sp(S) = Kin(S)— Kin*(S) 


These equations may be combined to give 


ae n*Kid+Sqe ? 
2rlS?+cS+ Kid 


We are now in a position to examine _ 
the response to a step function change in 
governor setting n*=1/S. The final — 
value is 1, as was intended in choosing an _ 


4 
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and the weighted control area is 


A Eas! /(_¢_\ 

peda, \dK, 

We can change to a notation introduced 
by Draper" and used by Brown and 


Hall’? by making the following substitu- 
tions 


eee 
24/2 2nIdKy 
dK, 
2QrI 


es = 


Here & is the damping ratio and equals 
unity for critical damping and w, is the 
undamped natural frequency. In this 
notation 
= N* wy? 

© SP 2S ton? 
and 
or 

an 


1—4# 


2 


Ay= 


Ay = 

On 
To see the effects of varying these we may 
write the inverse transformation for & less 
than unity. 


(( 
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Figure 5 (left). Response of 

second order control system to 

step disturbance, showing two 
different damping ratios 


Figure 7 (right). Response to 

a unit step disturbance of a 

third order system with Ao: =O 
and Au =0 


N(t)=1—e7&"! [cos won’ 1—#t 

E sin wn V1— #4] 
This can be plotted in nondimensional 
form of amplitude versus w, for various 
values of & For £=1 we have the case of 
critical damping 
a Neon” 

(S+on iE 

N(t)=1—(1+ent)e— 


n 


Figure 5 shows V(t) for £=1 and £=0.5, 
The latter value corresponds to Ai,=0 
and represents a reasonable response for 
this engine control system. By accept- 
ing some overshoot we have obtained a 
more rapid response. 


Example of a Third Order System 


As an example of a more complicated 
system let us consider a governor with 
two orders of sensitivity and with a time 
lag in the response of the propeller pitch 
to the governor output. That is, let 


dG/dt=K,(N—N*)+ Kod N/dt 
and 
7rdP /dt+P=G 


where G is the governor output signal and 
depends not only on the error in speed 
but also on engine acceleration, and 7 is 
the time constant of propeller pitch re- 
sponse. 

In transform notation the set of equa- 
tions becomes 


2rISn = qn—cn—dp 
Sg=Ki(n—n*)+ K.Sn 
P(rS+1)=8 

This gives 


S(tS+1)qn+dKn* 
n= oaIrS?-+ (Qn -+cr)S?-+(dKo+c)S+dKi 


Figure 6. Response to a 

unit change in torque of a 

third order system with Ao. =O 
Au =0 
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SETTING 


Consider a step change in governor set- 
ting and no change in throttle position. 


dK\(2nI+cr)—(dKy+c)? 
kK? 


An= 


If we choose 4;,;=0 
(dK2+c)?=dK,(2nI+<cr) 


oy (dKy+c)? 
~ d(2nI-+cr) 


1 


This gives one relationship connecting 
K, and Ky, with the fixed constants of the 
engine and another is needed. (Note that 
for t=0 the equation is still useful.) 
In order to find a relationship between 
K, and Ke, other than the maximum per- 
missible values set by the Routh-Hurwitz 
criterion, consider the effect of a step 
change in throttle setting. That is, let 
qe=1/S and n*=0. For this case 


at (7S?+S) 
1S Qnl7S?-+(Qul-+cr)S?-++(dKy+0)S+-dKy 


and the final value is zero, as it should 
be 


1 
blog a 
ON Keke 
dK, +c—1dKy 
vis eee 
(dK,)? 


If we put Ao, =0 then 
dK»+c=dKjr 


Combining this with the relationship 
from A,; we have 


2QrI+cr 
ane dr? 


Pe 


T 


2= 


To use these relationships it is con- 
venient to have numerical values for 
the quantities and a convenient set of 
data were given by Weiss*’ in connection 
with a similar problem. These data are 
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listed in Table I. The values of velocity 
and altitude are given to indicate their 
effects on the ‘‘numerical constants’”’ and 
the values of NV and P are the steady-state 
values before initiation of the transient. 
Using data of Case I of Table I in the 
expressions for K, and K we obtain 


K,=1.09 
K,=0.289 


For a unit step change in torque and these 
values of K, and Ky 


iG. S+0.695 
~ 250(S+3.125) [((S-+0.327)?+(0.689)?| 


n 
by inverse transformation 


N= oe [0,.292¢~°- 327! cos 0.689t— 
250 
(0.292 3-125! () 265 9-827" sin 0.689¢] 
and this is plotted in Figure 6. Similarly 
for a step change in governor setting 
n*=1/S, we have: 


1.82 
*™(S+3.125) [(S-+0.327)?+(0.689)?] 


t 


By inverse transformation 


N =1—0.07e~3: 125! — 0),93¢-9- 827! cos 0.689¢ — 
0.76¢~ 9-827! sin 0.6894 


and this value is plotted in Figure 7. 
There is considerable overshoot here 
even though the weighted control area is 
zero. As a check on the method, several 
other values of K, and Ke were tried with 
the same weighted area, but no substan- 
tial improvement in overshoot could be 
obtained. 

It is interesting to compare the 
weighted area criterion with the Routh- 
Hurwitz criterion which requires: 

1, All coefficients in the denominator 
positive 

2. dybe>bsbo or 
> 2nItrdK, 

When these two values are equal, we have 


(dK2+c) (2rI+cr) 


STABLE REGION 


Ke 
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a curve defining the stability limit. 

In Figure 8, Kz is plotted versus K, to 
show the relationship which must be 
maintained between the two orders of 
sensitivity. It may be seen that any 
value on the solid curve from K,=0 up to 
K, maximum will give a ‘‘good” response, 
in the sense of weighted control area. 
The larger values of K, should give a 
faster response and possibly more over- 
shoot, but values larger than that de- 
fined by the dotted curve will give sus- 
tained oscillation. 


Another Example 


As an example of a system which gives 
a transform expression of another type, 
consider the transient response of a 
special thermocouple circuit having three 
thermocouples connected in series, two 
aiding and the third bucking. This con- 
struction was proposed by Dahl and 
Fiock'* to increase the initial rate of re- 
sponse of the system. If # is the reading 
of a thermocouple exposed to a hot gas 
stream of temperature 7 the following 
equation is obeyed 


1dE 
a dt 


Il 


where 1/a is related to the mass of the 
thermocouple and its heat transfer co- 
efficient from the gas and is the time con- 
stant of the unit. If the gas temperature 
is zero initially and is suddenly changed 
one degree, then in transform notation we 
have 


(is+1) = 
a aS 


or 


a 


= 
SS+a 


é 


Figure 8 (left). 


UNSTABLE REGION 
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Table |. Data for Example (adapted from 
EE. HW 
Weiss) 
Case I Case II 

Velocity, miles per hour....... 250 hienas 0 
Altitude, feet. c.....05 sis hoe 8,700....Sea level 
N, revolutions per second..... 24.1 ....24.2 
P, degrees .).25 2<.s. 40 29 orks 
G/ Del j cakes Soo eee 3.08". S24 
Of Dell s-o.05 eda ae bee 2.40 ...:2.43 
Dal s ssd scene Sie 250 .:..250 
Eerie Serer samedi . < 1.44 ....1.44 


Nore: Engine is Wright R-/820 G-3 geared 16:11 
delivering 840 bhp at 2,100 rpm and 8,700 ft. 
Prop diam 12 ft. Inertia of combination referred 
to prop 40.4 Ib. ft. sec.* 

If there are three couples in series, and 
the two aiding couples have time con- 
stant 1/a while the bucking couple has 
time constant //b then 


mel a 1 a ea 
"S$ S+ta S Sta S S+b 
ail (2a—b)S+ab 

~ § S?+(a+b)S+ab 


é 


Here 
Ay=a—2b/ab 


and there is a possibility of making 
Ay=0. This requires a= 26 and gives the 
response curve shown in Figure 9. Also 
Aj,=(a?—2b?)/a*b?, and when this is zero 
a= /2b and the response curve for this is 
also shown, together with the curve for 
a=b which corresponds to three identical 
couples. (This is the same as a curve for 
one couple alone, due to the bucking 
connection.) 


Other Relationships 


There are two other relationships 
among the four areas which are of oc- 
casional use. One is the ratio: 


An (a1 — bi bi — (a2 — bz )by 


Re = 
(Aw)? (ai—bh)? 


This gives a number which is not too 


Comparison for a particular control of the weighted § 
control area criterion with the Routh-Hurwitz criterion 


Figure 9 (below), Response curves of another type of control 
showing effect of different values of control areas 


a=2k 


(A,,20) 


strongly dependent on bo, the product of 
all the roots of b(S), and may be used in 
those cases when it is not desirable to 
make A;,=0. A typical value for R is 
—1'/,, and in the second order case men- 
tioned above, this leads to a damping 
ratio £=0.707. 

Sometimes we are not interested in the 
net area,between a response and the step 
input to the control but rather the net 
area between the response and some 
“ideal” response. In such a case, it may 
be shown that the net area between the 
response and the ideal is equal to the dif- 
ference of the net areas between the re- 
sponse and the step and between the ideal 
and the step. This is not surprising, as 
the equations are all linear. The result is 
also true for weighted areas, and permits 
rapid computation of any special control 
areas desired when the transform of the 
“ideal’’ response is known. 


Remote Position Controls 


Servomechanisms are often used to 
position an output shaft in accordance 
_ with the position of an input shaft. These 
_ devices, like the controls we have dis- 
cussed, have inertia, time lags, damping, 
and control sensitivities. They may be 
characterized by differential equations 
and written in transform notation. When 
_ the transformed equations are simplified, 
expressions of the following type occur 


where 9 is the transform of the angular 
position of the output shaft and 0, is the 
transform of the angular position of the 


input shaft. 


If the input shaft is given a unit step 
change in position 


_ and the final value of this expression is 
 Q/bo. Hence ao= bp for zero final error due 


to a constant displacement. Such a sys- 
tem is said to have zero displacement 
error. 

If the input shaft is moved with con- 
stant velocity so that 0,(t)=t and 6,(S) = 
1/S*. Then 


and the error in displacement is 


_1(a(8)_ 
A -1.-3($2) i) 


The final value of this error is (a;—),)/bo 
(provided that a@)=bo) and hence, a sys- 
tem with a,=b; and ao=by has a zero 
final error due to a constant velocity in- 
put. This is also exactly the condition 
for Aj=0. This is called a zero velocity 
error system in the literature.® 

Similarly, it may be shown that, if the 
input shaft is given a constant accelera- 
tion, it will have a zero final position 
error if d2=b2 as well as a=), and 
dy=bo. Such a system is called a zero 
acceleration error system. Note that 
such a system has 


(ai—bi hi —(dz—be)by ve 


Ay = bo? 


0 

However, the converse is not true, Ai 
may be zero without the system having 
zero acceleration error. 


Conclusion 


Certain theorems have been developed 
relating in an especially simple manner 
the areas under control response curves 
to the Laplace transforms of these curves. 
The various “control areas’ defined 
thereby are related, in a general way, to 
the “goodness” of the response curves 
of a control system. Hence, numerical 
values (usually zero) can be assigned to 
the areas in question and the resulting 
equations supply useful relationships be- 
tween the parameters in a typical control 
design problem. 
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Effects of Carrier Shifts on Derivative 


Networks for A-C Servomechanisms 


GEORGE M. ATTURA 


MEMBER AIEE 


HE CARRIER frequency servo can 

be stabilized by shaping the fre- 
quency response of the servo amplifier. 
The networks more commonly used are 
the parallel T, the bridged T, and the 
series resonant resistance-inductance-ca- 
pacitance circuit. The resultant fre- 
quency transmission has a minimum value 
at some frequency, @o, and rises sharply 
for values above and below it. The 
damping introduced by this shaped fre- 
quency response approximates that which 
would be obtained if the servo amplifier 
were to drive the motor with both the 
error voltage and its first derivative. 

The wo of these networks generally is 


network output, when the circuit is driven 
by sinusoidal modulation, will be resolved 
into its components, whose passage 
through the servo motor will then be 
studied. It will be shown that the damp- 
ing introduced by the shaped frequency 
response in combination with the servo 
motor is not destroyed by relatively large 
carrier shifts. Experimental studies will 
be cited to confirm this conclusion. 


The Derivative Network with 
Centered Carrier Frequency 


H( jw) OF SEVERAL NETWORKS 


ve “ft 


term provides the one proportional to the 
error itself. The symmetrical, full-rejec- 
tion parallel T shown in Figure 1 does not 
give a proportional term. This must be 
obtained either with a by-pass path or 
through a modification of the circuit 
values of the T.? 

When the carrier frequency, , is 


reactive term disappears. 
real term is the transmission at wo, or the 
gain of the network with centered car- 
rier. 


The generalized form of the carrier fre- | 
‘quency transfer function for the propor- 


tional plus derivative a-c network can be 
written as 

H (jw) =R+jK5 (5) 
This is shown in Figure 4. 


RELATION BETWEEN H(jw) AND G(jwg) 


The H( jw) of a network determines its 
carrier frequency response. However, to 
analyze the effect of the network on the 


centered on wo, 5 becomes zero, and the | 
Hence, the | 


performance of the servo, it is necessary _ 
to determine its data frequency transfer — 
function,'G (jwg). The latter concerns it-_ 


designed to coincide with the carrier 


frequency, w,. The symmetry of this In the vicinity of wo the carrier fre- 


quency response, H( jw), of the networks 


frequency response about wo, and the 
fact that the minimum transmission oc- 
curs at this frequency, may suggest that 
the damping introduced will be reduced 
if the carrier drifts away from wo. This 


: . 9d 
problem isa very real one, since the servo Ue) =J Sa (1) Sobezyk.! - This is an important trans- — 
loops in many air borne installations de- . ‘ formation, since the H(jw) is the more 
rive their power {rom inverters whose For the bridged T* of Figure 2 easily determined network characteristic, | 
output frequency is not well regulated. 2p 5 while the G(jwg) is the one important in — 
It is the purpose of this paper to dis. %Ue)= p4et (p?+2/,)? wo (2) the servo stabilization problem. This , | 


cuss the effects of carrier shifts on the 
damping action of these a-c derivative 


networks, when they are followed by Figure 3 If a network is driven by a suppressed | 
_ phase-sensitive actuators or motors. The R ma carrier sinusoidal modulation of , (the 
Sit L : 0d : : . : a 
EEO) ee, TR +3) ney | (3) form in which error intelligence appears — 
Paper 51-100, recommended by the AIEE Feed- , a 1 F2Rz foo 
back Control Systems Committee and approved by 
the AIEE Technical Program Committee for pres- where 
entation at the AIEE Winter General Meeting, fi ‘ 
New York, N. Y., January 22-26, 1951. Manu- 8 =We — wy (4) 
script submitted July 25, 1950; made available for ; 


printing December 13, 1950. 
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mentioned above, has the same approxi- 
mate general form for each one. For the 
parallel T of Figure 1,° we have 


and for the series resonant circuit® of 


In all three cases there exists a reactive 
term that varies with frequency. In ad- 
dition, the bridged T and the resistance- 
inductance-capacitance circuit have an 
invariant real term. It will be shown 
later that the reactive term generates the 
derivative component, while the real 
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self with the effect of the network on the | 
servo error intelligence passing through | 


it. 


trarisformation is reviewed in the follow- | 


ing paragraphs. 


Figure 1. Full-rejection parallel T 


, 


AIEE TRANSACTIONS” 


= 


| 


z 


a) 


| 


The G(jwa) can be derived from the 
H(jw) by a method discussed by A. | 


\ 

; ' \; Figure 2. Bridged T 

| \ 

| inana-cservo), the output of the network 
H 

; 

| 

it 

t 


will yield its G(jwg). The driving voltage 
has the form 


| es=E cos wat cos wet (6) 


which can be expressed as 


e1= 5 [cos (we+wa)t+ cos (we—wa)t] (7) 


E 
: oS [cos wyt+ cos wt] (8) 


Here, wg is the data frequency; w, the 

upper sideband (w,+wg); and «, the 

| lower sideband (w,—wz). 

a The output of a network driven by this 
_ modulation will be 


3 E 
J eo= 5 (Art Au) cos (wat+da) cos (wel+c) + 


E 
9 Ai Au) sin (wat+oa) X 


sin (wct+¢c) (9) 
_ where 

A, =|H(jon)| 

Ay =|H(jou)| 

$1= <H(jor) 

s ¢a=data phase shift = 


 oc=carrier phase shift = Fe: 


_ Equation 9 consists of two distinct 

_ modulation terms, each identical in form 
_ to the driving voltage e;. The various 
_ amplitudes and phase shifts are deter- 
_ mined directly from the H( jw) of the net- 
work. The two terms are in exact quad- 
_ tature with each other. The first com- 
ponent Sobczyk! called the signal en- 
_ velope, and the second, the quadrature 
term. The latter also has been called the 
distortion term, since it changes the 


Ri 


Figure 3. Series resonant resistance-induct- 
ance-capacitance circuit 
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waveshape of the network output from 
that of the driving voltage, equation 6. 

The G(gwq) of a network concerns itself 
with the ¢, and the envelope amplitudes, 
expressed as functions of the data fre- 
quency, wy. The distortion term seem- 
ingly complicates the analysis, for there 
are two envelopes which could be demodu- 
lated in the motor and have torque com- 
ponents acting on the load. 

However, the G(jwg) of the network 
alone has little importance. The am- 
plified error voltages will drive some 
carrier frequency actuator, such as a 2- 
phase induction motor or a phase de- 
tector. The phase discrimination of these 
actuators must be considered here. These 
devices all exhibit an output torque or 
voltage which is either a sine or cosine 
function of the phase angle, 8, between 
the reference and error voltage. Thus, 


Wo 


Figure 4. Carrier frequency transfer function 
of proportional plus derivative network 


the stall torque of such a motor will be 
proportional to sin @, and the d-c output 
of a phase detector to cos 9. 

Because of this, the motor will de- 
velop no net torque for in-phase voltages 
across the control winding. Similarly, 
the phase detector will have no d-c com- 
ponent in its output for voltages in 
quadrature with the reference voltage. 

The signal and distortion terms of 
equation 9 have carrier phases in exact 
quadrature with each other. If the ref- 
erence voltage is adjusted to give a 
maximum torque for the signal envelope, 
then the distortion term will produce no 
net torque and will contribute nothing 
to the G(yw,) of the network. 

It is for this reason that the resolution 
of equation 9 is chosen. The separation 
into signal and quadrature components 
allows ready recognition of the role of the 
servo motor and permits a fairly simple 
analysis of these networks. 


G(jwq) OF DERIVATIVE NETWORKS WITH 
CENTERED CARRIER FREQUENCY 


The generalized H( jw) for the networks 
under discussion is given by equation 5. 
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Figure 5. Plot of jKé 


For this analysis, it will be assumed that 
this transfer function is generated by two 
parallel circuits. One will establish the 
real term R, and the other, the reactive 
termjK6. The path which establishes the 
real term must have a frequency charac- 
teristic in the vicinity of wo of constant 
amplitude and zero phase shift. Because 
of this, it will contribute nothing to any 
effects which may be observed when the 
carrier shifts. Hence, we may neglect the 
real term of equation 5 and determine 
the damping action of these networks by 
studying the G(jw,) of the reactive path in 
combination with the motor or phase de- 
tector. 

Figure 5 shows the H(jw) of the reac- 
tive term, jK6. The disposition of the 
upper and lower sidebands is shown for 
the data frequency, wg, and with the car- 
rier centered on wo. By inspection, the 
principal terms of the output of the 
reactive path may be tabulated. 


¢a=90 degrees 


c=0 
A, +A 
= ae 
A,—Ay 0 
2 
|H(jw)| W>o>Wo Ws Wo 
+90 
0 CASE | 
|6|<wg 
-90 
<H(jw) A B 
U4] Wp Wy WO |Wy . 
CASE 2 
[61> Gg 
Cc D 
IW We Wy Ge Wy 
Wo Wo 


Figure 6. Disposition of sidebands on jK6 
for all possible values of 6 
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PHASE 
SHIFTER 


Since the amplitude of the quadrature 
envelope is zero, the analysis is simplified 
considerably. In this case, the phase 
discrimination of the phase detector is not 
needed. The G( 7g) may be written as 


G(jwa) =jKwa (10) 


This is the transfer function of a true de- 
rivative device and accounts for the ter- 
minology used in this paper. The pro- 
portional plus derivative transfer function 
would be 


+ 
I2AX7 
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REFERENCE st ee 
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IM 
GO 
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Experimental equipment 


Figure 7. 


G(joa) =R+jKwa (11) 
This G( jwg), when used in the error path 
of a carrier frequency amplifier, would 
damp the loop with error rate control. 
The preceding analysis holds only for 
frequencies near wo, since the H( jw) of 
equation 5 does not apply outside of this 
region. The exact H(jw) is sufficiently 
complex to make analysis of the G(jw,) 


difficult. This simplification is justi- 
+ = 
O 
I2ZAUT7 
150K 
0.1 
ale 470K : 


wee T4230 
CSE asp 
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POWER 
SUPPLY 


0-C 
AMPLIFIER 


TEST CRO 


fied, since in most cases the spectrum of 
significant wg will extend the two side- 
bands only a short distance away from 
wp. Or, putting it another way, the 
maximum significant wg in most cases is 
considerably smaller than ap. 


The Carrier Frequency Shift 
Problem 


EFFECT OF THE CARRIER SHIFT ON THE 
DERIVATIVES G(jwg) 


It has been shown in the preceding 
section that the carrier frequency de-- 
rivative damping is introduced by an 


Figure 8. Schematic phase detector, filter — 
and d-c amplifier 
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Figure 9. |G(jna)] of a full-rejection parallel 
T tuned to 60.0 cycles per second 


H(jw) of the form of equation | when @, is 
centered, and that the addition of an in- 
variant real term gave the necessary pro- 
portional plus derivative characteristic. 
We can study the effect of the carrier 
swing on the derivative G\jw,) alone and 
then extend our analysis to inc!ude the 
proportional plus derivative case. 

Two general cases must be considered 
in this analysis: 5|<ay (case 1); and 
8] >wa (case 2). 

The disposition of the sidebands on the 
H(jw) under consideration is shown in 
Figure 6 for both the above cases, and for 
both positive and negative 6. 

With the aid of equation 9, the G(jw,) 
can be found for both cases shown. The 
procedure shall be to deterinine the prin- 
cipal terms of equation 9 in each of the 
two cases, tabulate them, and from this 
table write the G(jw,). This will be the 
actual transfer function between the in- 
put to the derivative network, and the 
motor torque. 

In case | (Figure 6A and 6B) the side- 
bands w, and w, always fall on opposite 


oe OO (90) ae 


Pt a 90° 
o1=0 
AitAy Eee 
2 
Ai—Ay 


For case 2 (Figures 6C and 6D) both 
sidebands fall on the same side of wo. 
This gives 
oa=0 


oce= +90° for We> ao 
—90° for We wo 


Art Au _ x44) 
2 

Aj—Ay Mu Kwg for we>wyo 
2 zi Keg for we<wa 


This material is tabulated in Table 1. 
Now we can establish the G(jw,) for the 

motor or phase detector sensitive to one 

or the other of the two possible preferred 


phases. For sensitivity to cos @,¢ the fol- 


lowing is true: 


1. When |8\<wa, ¢-=0, and the only 
component at the output of the motor will 
be that due to the signal envelope. The 
carrier phase of the distortion term will be 
sin w,f, and it will be suppressed. Taking 
the appropriate values from Table I, the 
complete expression for the signal envelope 
will be 


Kwa cos (wat +90) cos wet (12) 
and its demodulated torque output 
Kwa cos (wal +90) (13) 


2. When |6\>wa, ¢¢-= £90°, and now the 
distortion term will have the preferred 
phase, with the signal envelope producing 
no net torque output. Again taking the 
appropriate values from Table I, the dis- 
tortion term will be 


+= Kwg sin wal sin (wet +90) 


= Kwg cos (wat +90) cos wel (14) 
and its demodulated torque output 
Kwa(cos wat+90) (15) 


Equations 13 and 15 are identical. 


CPS (wa)(>'o 


ie 


We CPS 


Figure 11. G(wja) with sin wet the pre- 
ferred phase at the detector 


of a device with a true derivative charac- 
teristic. As \6| goes through wy, the 
burden of the output intelligence switches 
from the signal to the distortion envelope. 
But since the demodulated output is the 
same in both cases, the carrier shift does 
not reduce the derivative damping. The 
G(jwa) is jKwqg; and this is the same as 
when the carrier is centered (equation 
10). 

Thus, the shaped frequency response is 
inherently insensitive to carrier frequency 
shifts, with a reduction in damping ob- 
served only when the sidebands fall on a 
region of the H(jw) when it no longer re- 
sembles that of a derivative device. It 
also suggests that this frequency charac- 
teristic, though convenient, is not at all 
necessary, with simpler networks avail- 
able to provide derivative control and 
carrier frequency insensitivity even 
greater than that observed for the circuits 
under discussion. 

The G(jwg) with the phase detector or 
motor sensitive to sin w,¢ is of interest 
since it gives another set of equations 
similar to 13 and 15 which can be checked 
by experimental studies in later sections. 
However, this output intelligence is of no 
obvious use in the servo, for it repre- 
sents the envelope that is suppressed when 
the derivative characteristic is required. 

Again from Table I we may establish 
the following: 

Figure 12. 


<(Gjwa) for a 60.0 cycles 


per second paralle! T with 0.10 transmission at 
60.0 cycles per second 
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1. When |8|\<wg, ¢¢-=0. The motor out- 
put torque will be a demodulated distor- 
tion term. The distortion term is given by 


— K6 sin (wat+90) sin wet (16) 
and its demodulated component 
— K6 cos wat (17) 


2. When |8|>¢, ¢¢-= +90°, and now the 
distortion term is suppressed, with the sig- 
nal envelope carrying the intelligence. 
Again from Table I, this term is given by 


K|8|_cos wat cos (wet +90) (18) 
and its demodulated ccmponent 
—K6 cos wat (19) 


Again, equations 17 and 19 are identt- 
cal, showing that the transfer function of 
this combination is unaffected by the 
carrier swing. 


EFFECT OF THE CARRIER SHIFT ON THE 
PROPORTIONAL PLUS DERIVATIVE 
G(joa) 


The preceding analysis can be used to 
evaluate the effect of the carrier shift on 
servos stabilized by a proportional plus 
derivative H(jw) of the form shown in 
Figure 4. 


Inspection of this phase characteristic 
shows that the carrier phase, ¢,, will be 
zero only when the carrier is centered on 
wo, for only at this point will the phase 
shifts of the two sidebands be equal and 
opposite in sign. Moreover, when w, 
shifts, ¢, becomes a function of 6. This 
presents some difficulty, since it was 
shown that to suppress the unwanted en- 
velope over a range of wy and 6, it was 
necessary that the carrier phase be kept 
constant. If equation 9 is applied directly 
to the H(jw) of Figure 4, its resolution 
would yield two terms, neither of which 
could be suppressed, since their carrier 
phases would be functions of wy and 6. 


However, further consideration shows 
that this difficulty has been caused by 
an incomplete resolution of the output of 
the network. For the analysis three com- 
ponents must be considered: the pro- 
portional envelope similar in form to the 
driving voltage of equation 6 and trans- 
mitted by the proportional characteristic 
of the network; the signal envelope from 
the derivative transmission which results 
when the proportional term is subtracted 
from the over-all H(jw); and the distor- 
tion envelope from the same derivative 
transmission. These three components 
are the following: 


Proportional term = 
E cos wat cos wet 


Signal term transmitted by reactive path= 
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Table | 
|5|<wa |d|\ >a 
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F(4utAr) cos (wat+oa) COS (wet +¢c) 


Distortion term transmitted by reactive 
path= 


E ee 
galas) sin (watt a) sin (wet+¢c) 


Now the proportional term is trans- 
mitted by a path whose H(jw) is purely 
resistive. It will yield a demodulated 
term which will always be proportional 
to the error, and which will not be af- 
fected by carrier shifts. The other two 
terms are exactly those of the analysis of 
the previous section. It was shown that 
when a motor demodulated these terms, 
if the cos w,t was the preferred phase, then 
a derivative G(jw,z) would result, which 
was not affected by the carrier shift. 
Thus, the same insensitivity to 6 found in 
the derivative network will be present in 
the proportional plus derivative one. The 
G(jwg) of the modified parallel T or the 
bridged T and _ resistance-inductance- 
capacitance network will still introduce 
damping in a servo whose carrier has 
shifted from wo, provided the sidebands 
still fall on a portion of the H( jw) where 
equation 5 still holds. 


ERROR SIGNAL SATURATION 


The analysis of the preceding sections 
holds only if the system is linear. In 
practice, the instantaneous amplitude of 
the suppressed or unwanted term might 
overload the driving amplifier and drive 
the system into nonlinearity. 

Equations 17 and 19 show that the 
magnitude of this unwanted term in- 
creases linearly with the carrier shift, with 
its value given as K6. The nature of this 
term is of interest. When the servo is at 
rest, its value will be zero and the system 
will remain linear regardless of the value 
of the carrier shift. When the servo is in 
motion, an error voltage will appear at the 
input to the damping network, giving rise 
to an unwanted term with value set 
by 6. 

Thus, the effect of the carrier shift will 
be to introduce a voltage at the motor 
amplifier in quadrature with the error 
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signal, whenever the servo is in métion. 


; bait 
The effect of any saturation which may — 


result will be progressively to restrict the 
linear range of the servo amplifier as the 
carrier shift becomes more severe, still 
retaining linearity at low error signal 
levels. 

This presents the second limitation to 
the use of these networks for carrier fre- 


quency damping. At large carrier shifts — 


some reduction in the maximum linear 
output of the servo amplifier must be 
expected. 


Experimental Studies 


The conclusions derived in the section 
on the carrier frequency shift problem 
have been checked by experiment. This 
work, given in this section, has shown that 
the phase discrimination of the carrier 
frequency actuator can be used to isolate 
the individual envelopes of equation 9. 
Specifically, there has been sought ex- 
perimental confirmation of the relations 
arrived at in equations 13 and 15 as well 
as equations 17 and 19. Also, the 


G(jwq) for a proportional plus derivative 


parallel T has been obtained for various 
values of w, different from wo. 


EXPERIMENTAL EQUIPMENT 


The experimental equipment is of in- 
terest, since it allowed the observation of 
the individual component envelopes in a 


complex waveshape with a facility rival- — | 


ing their mathematical resolution. The 
H( jw) studied was that of a full rejection, 
symmetrical parallel T, made of precision 
components, and trimmed for an attenua- 


tion of over 2,000 at 60.0 cycles per — | 


second. This network was driven by a 


voltage of the form of equation 6, gen- — | 
erated by a rotating autosyn driven bya 
The output of — 


variable speed control. 
the T was resolved by a full-wave phase 
detector. This was followed by a 2-stage 


filter which reduced the ripple present, _ 


3 4 5 678910 
Wy CPS 


15 20 30 


Figure 13. 
second parallel T with 0.10 transmission at 
60.0 cycles per second 
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and then drove a d-c amplifier whose out- 
put deflected the vertical plates of a long 
persistence cathode-ray oscilloscope. 

The excitation for the rotating autosyn 
was obtained from a low-frequency oscil- 
lator. A portion of its output voltage, 
after passing through a phase shifter, 
served as the reference for the phase de- 
tector. \\This phase shifter allowed set- 
ting first cos w,¢ then sin w,¢ as the pre- 
ferred phase at the detector. A linear 
sweep, synchronized with the driving 
voltage, deflected the horizontal plates of 
the oscilloscope. A regulated power sup- 
ply furnished plate and filament volt- 
ages, and special care was taken to insure 
that the circuits were operating linearly. 

Figure 7 is the block diagram of the 
equipment, while Figure 8 is the schema- 
tic of the phase detector and d-c ampli- 
fier. 


LIMITATIONS OF EXPERIMENTAL METHOD 


In an effort to substantiate experi- 
mentally some theoretical work, many 
factors arise which are not present in the 
original analysis. It then becomes neces- 
sary to study their effect on the results ob- 
tained, and thus account for any de- 
parture from theory that may be ob- 
served. A number of these points must 
be considered in these experimental 
studies, since the problem of extracting 
the individual envelopes from some com- 
plex waveshape is a novel one. These 
factors are as follows: 


1.. The phase shifter employed was a 
bridge whose H(jw) is 


H(jw) =¢—2 tan~! wkC (20) 


This has an amplitude invariant with fre- 
quency, but a phase shift dependent on it. 
This means that if the phase detector refer- 
ence voltage is adjusted for optimum phase 
at 60.0 cycles per second, then at the 
extremes of 40 and 80 cycles per second 
these conditions will no longer prevail, and 
the G(jwa) observed will have a small com- 
ponent of the junwanted envelope. This 
condition is exactly that which may exist 
in a practical servo amplifier, and suggests 
the desirability of obtaining the carrier 
phase shift by networks which have no 
phase slope throughout the range of carrier 
drift. 

2. There are two coupling time constants 
in each amplifier channel before the phase 
detector (Figure 8) and a cathode by-pass in 
the first stage of the error amplifier. The 
time constant of this by-pass is so large it 
can be neglected. The coupling time con- 
stants produce no differential phase shift 
at the grids of the phase detector, since 
they are the same for each channel. The 
output of the phase detector is independent 
of the reference voltage magnitude and is 
given by 


epc = Eerror Cos 0 (2 1 ) 
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The attenuation of the coupling time 
constants in the reference channel will not 
affect the phase detector output. But the 
corresponding attenuation in the error 
channel will be superimposed on the 
G(jwa) measured. 


8. Two factors will introduce inaccuracies 
in the measurement of the phase and ampli- 
tude of the G(jwa): the residual ripple reach- 
ing the vertical plates of the cathode-ray 
oscilloscope and the small amount of wave- 
shape distortion present in the output of the 
phase detector. 


However, it will be seen that the ex- 
perimental work substantiates the theo- 
retical analysis despite these limitations. 


ANALYSIS OF RESULTS 


Equations 13 and 15 state that as long 
as the H(jw) of the network is that of 
equation 1, no amount of carrier fre- 
quency shift can destroy the derivative 
action of the rejection network cascaded 
with the phase detector or motor. How- 
ever, equation 1 represents a simplifica- 
tion of a more complex H(jw) in the region 
of wo. Hence, the limit of carrier fre- 
quency shift is solely the distance away 
from @o in which this simplification 
holds. 

To check the accuracy of this conclu- 
sion, the G( jw) of a full-rejection parallel 
T (Figure 1) cascaded with a phase de- 
tector was obtained, with the preferred 
phase fixed at cos w,t. This data was 
taken for various values of w,, centered on 
@o, as well as a considerable distance 
away. The results are plotted in Figures 
9 and 10, for values of wg between 1.0 and 
15 cycles per second. 

Figure 9 gives the |G(jw,)| measured, 
with the value of the carrier between 40 
and 80 cycles per second. Between 50 
and 80 cycles per second, the amplitude 
increases with frequency with a logarith- 
mic slope of substantially plus 1. This is 
the correct slope for a derivative device. 
The plot for 40 cycles per second shows a 
smaller slope and indicates that the side- 
bands have reached a portion of the 
H(jw) where the underlying simplifica- 
tion no longer holds. 

The slight spacing between the curves 
of 50 and 80 cycles per second may be 
attributed to the coupling time con- 
stants in the phase detector preampli- 
fiers. The scattering of the points is 
caused by the factors discussed in the 
previous section. 

The phase plot for a derivative device 
is a fixed phase lead of 90 degrees regard- 
less of frequency. Figure 10 plots the 
<G(jwa) again measured with w, set at 
values between 40 and 80 cycles per 
second. Between 50 and 70 cycles per 
second the dg was substantially 90 de- 
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grees leading. However, at 40 and 80 
cycles per second it was considerably 
lower, suggesting again that the side- 
bands were outside the region where 
equation 1 holds. 

The large scatter in the phase plots at 
low data frequencies is caused by the 
difficulty inherent in making accurate 
phase measurements of envelopes with 
small amplitudes. Since the network was 
operating as a derivative device, the out- 
put of the phase detector for low values 
of wg was small. 

The above shows that the derivative 
action of the parallel T tuned to 60.0 
cycles per second is unchanged for values 
of w, between 50 and 70 cycles per second, 
or for a carrier shift of 10/60 or 16 per 
cent. 

The G( ja) with the phase detector 
sensitive to sin w,t also was measured, to 
substantiate the identity of equations 17 
and 19. The results are plotted in Figure 
11. The insensitivity to wg should be 
noted, as well as the linear variation with 
6 in the upper frequency region, ‘and the 
invariant oq of either zero or 180 degrees. 
This plot was taken especially to prove 
the practicality of this technique in 
separating and observing separately the 
constituent envelopes. 

The last data taken were concerned 
with the insensitivity of a proportional 
plus derivative network to carrier fre- 
quency shifts. The same parallel T was 
used. To achieve a proportional trans- 
mission, a resistive divider was placed 
across the input to the T, with the point 
generally grounded, returned to the junc- 
tion of the resistors in the attenuator. 
Both the phase (Figure 12) and the am- 
plitude (Figure 13) plots are approxi- 
mately those for the true proportional 
plus derivative network. The interesting 
observation here is that this network ex- 
hibits some degree of derivative damping 
for w, as far out as 40 and 80 cycles per 
second. This represents a carrier shift of 
20/60, or 33 per cent. 


Conclusions 


1, The derivative damping intro- 
duced by the shaped frequency response 
is not destroyed if the carrier drifts away 
from w,, provided phase conditions at the 
motor are adjusted so that the unwanted 
terms of equation 9 will be suppressed. 

2. The necessary phase condition is 
that quadrature exists between the ref- 
erence voltage and the error voltage 
across the motor windings. This should 
be set with the carrier centered and should 
be maintained as much as possible as the 
carrier drifts 
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3. The maximum allowable theoret- 
ical shift is limited by the network 
H(jw). As long as the sidebands gen- 
erated fall on a portion of the network 
H(jw) which still approximates equation 
1, no reduction in the derivative action 
will be observed. 

4. A second, but practical, limitation 
to the maximum allowable carrier shift 
is the saturation which the unwanted 
terms of equation 9 may cause in the 
servo amplifier. At large carrier shifts 
some reduction in the maximum linear 
output of the servo amplifier must be ex- 
pected, which will become progressively 
more severe as the carrier shift becomes 
greater. 

5. Experimental tests show that a 


carrier shift of 16 per cent causes no 
change in the derivative G( jw,) of a sym- 
metrical full-rejection parallel T (Figure 
1). 

6. Experimental tests show that a 
carrier shift of 16 per cent causes no 
change in the G(jwg) of a proportional 
plus derivative parallel T adjusted for a 
transmission at Wp of 0.10. 

7. An analytical method has been 
suggested to determine the significant 
G(jwa) of carrier frequency networks. The 
resolution into component envelopes, 
when combined with the phase discrimi- 
nation of the motor or actuator, permits 
evaluation of any G(jwg), regardless of 
carrier shift or asymmetry in the H( jw) 
about wo. 
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Network Synthesis by Graphical 
Methods for A-C Servomechanisms 
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N ORDER to improve the performance 

of a servomechanism, one often em- 
ploys compensation networks which off- 
set its dynamic limitations. Designs of 
such networks when the intelligence ap- 
pears as a d-c signal are described in the 
references.? However, in a-c_ servo- 
mechanisms the data appear as modula- 
tion on a carrier. Hence, for compensa- 
tion, one should employ networks (termed 
“carrier-frequency networks’) which will 
modify the modulation rather than the 
signal as a whole. If such a network pro- 
duces the same effect upon the data as a 
d-c (or data-frequency) network, it may 
be said to “‘simulate’’ the data-frequency 
network. 

The first section of this paper is a sum- 
mary of the usual approach to this prob- 
lem.*45 Expressions are given which 
describe the effect of a carrier-frequency 
network in terms of its transfer function. 
From these the standard procedure for 
synthesizing a carrier-frequency net- 
work, which approximately simulates the 
desired data-frequency network, is de- 
veloped. Because this simulation is only 
approximate, this procedure of synthesis 
should be followed by a more exact 
evaluation of the effect of the network by 
the direct application of the mathema- 
tical expressions. If this effect is not ade- 
quate, the synthesis procedure might then 
be altered, and then a new analysis made. 
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In order to simplify this process (which 
involves alternate synthesis and anal- 
ysis), this paper proposes: (1) A quick 
graphical method of analysis; (2) A more 
general method of synthesis. 


Usual Approach to Problem 


MATHEMATICAL ANALYSIS OF 
CARRIER-FREQUENCY NETWORK 


Figure 1 illustrates the portion of the 
a-c servomechanism to be considered. 
The data signal enters the modulator, is 
combined with the modulator reference 
(cos wt), to form the modulated signal 
e;. The signal e; is then altered by the 
carrier-frequency network, and emerges 
as the modulated signal e,. This enters 
the demodulator (often a 2-phase motor), 
is compared with the demodulator ref- 
erence, and is demodulated to form the 
data-frequency output. 

The following discussion (presented in 
more detail in Appendix I) will show that 
the effect of the carrier-frequency net- 
work may be determined by the functions 
G, and G,, which relate to the data signal, 
the modulations of the components 
of e, in phase and in quadrature with re- 
spectively, the modulator reference. On 
first approximation, G, is the data-fre- 
quency function simulated by the carrier- 
frequency network. 

If the data signal is a sinusoid of fre- 
quency W,, and the carrier frequency is 
w,, the modulator output is (cos wt) X 
(cos wt). This amplitude-modulated 
signal may be considered as the sum 
of two components of frequencies 
(@e+m) and (Wo—Wm). These com- 
ponents will be transmitted through 
the carrier-frequency network, and hence 
will be altered, respectively, by the values 
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of the network transfer function at those 
frequencies. If we designate this trans- 
fer function as D(jw), we are in- 
terested in the values D[j(w,+w,)], 
D[j(@,—@,)], which we shall abbreviate 
as D*, D~. (The symbol D is used 
throughout this paper to represent carrier- 
frequency functions, while the symbol G 
will be reserved for data-frequency 
functions.) 

Each of the functions D*t and D7 
operates upon its respective frequency 
component, varying its magnitude and 
phase to produce the signal e,. When 
these frequency components of é, are re- 
combined they may be expressed as two 
modulated waves of carrier frequency 
W,: one with the form e¢,q(t)cosw,t, which 
we shall designate as the direct com- 
ponent, since its carrier, cos,f, is in phase 
with the modulator reference; and the 
other, designated as the quadrature 
component, with the form émg(t)sinw,t. 
The functions émq(t) and @m¢(t), which rep- 
resent the modulation of the compo- 
nents, are sinusoids of frequency ,,. 

Now, when the voltage applied to the 
reference winding of a 2-phase motor is in 
quadrature with the voltage applied to 
the control winding, the torque developed 
is approximately proportional to the 
modulation—that is, the magnitude—of 
the control-winding voltage. Hence, if 
the reference-winding voltage is in quad- 
rature with the modulator reference, the 
torque will be proportional to the modula- 
tion of the component of e, in phase with 
the modulator reference—which is the 
direct component. Thus, the 2-phase 
motor acts essentially as a demodulator, 
the output of which is the torque, and the 
input of which is the direct component of 
On 

Since the demodulator output is ap- 
proximately proportional to the modula- 
tion of the direct component of @,, the 
following transfer function Gg, which re- 
lates this modulation to the data signal, is 
essentially the data-frequency function 
simulated by the carrier-frequency net- 
work: 

Ga =Ema/X =(1/2)(D*- +D*) (1) 
Enq and X are, respectively, the trans- 
forms of e,q(t) and the data signal x(t) 
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while D*~ is the symbol for the conjugate 
of D-. 

We are also interested in the quadra- 
ture component, because a more exact 
analysis of the 2-phase motor shows that 
there is a small component of torque pro- 
portional to the derivative of its modula- 
tion. The transfer function of the modu- 
lation of the quadrature component is 


Gy =Emq/X = (1/27)(D* —D*) (2) 


where Em, is the transform of @,,. Often 
the modulator itself produces a small 
component in quadrature with e,, which 
in turn produces two more components of 
torque. A sample analysis, taking all 
these effects into account, is presented in 
Appendix III. 


STANDARD METHOD OF SYNTHESIS 


Now, let us determine a method of 
synthesizing a carrier-frequency com- 
pensation network. Essentially, such a 
network should produce (1) as small a 
quadrature component as possible and 
(2) a direct component, the modulation 
of which is related to the data signal by 
the desired data-frequency function. 

Referring to equation 2, it is seen that 
for the quadrature component to be zero 
requires that 


D*-=D+ (3) 


This means that the function should be 
symmetric about the carrier, its magni- 
tude being an even function of deviations 
from the carrier frequency and its phase 
being an odd function. If this condition 
exists, the transfer function of the direct 
component reduces to 


Ga=Dt=D[j(w+om)] (4) 


To illustrate this point, let us refer to 
Figure 2, a plot of a symmetric carrier- 
frequency function, which we shall des- 
ignate as D’(jw). A plot of the transfer 
function of the modulation of its direct 
component, which we shall designate as 
G'(jw,), may be obtained from this 
graph by shifting the curves to the left a 
distance w,, and considering the positive 
sideband, as shown in Figure 3. 

One should also note that the negative 
sideband would also coincide with the 
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Figure 1 (left). Car- 
rier-frequency por- 


plot of G’(jwm), if it were folded about the 
0-frequency axis and the sign of its phase 
reversed. That is, G’(jw,,) represents 
either the positive sideband or the con- 
jugate of the negative sideband of the 
function D’(jw). 

Now, let us reverse this process by de- 
fining G’(jw,) as a data-frequency func- 
tion (which we shall call the ‘desired 
data-frequency function’’) that we would 
like to simulate by a carrier-frequency 
network. If G’(jw,) is itself realizable 
as a d-c network, it can be shown that its 
magnitude would be an even function and 
its phase an odd function of frequency, if 
the frequency variable (w,,) were per- 
mitted negative as well as positive values. 
The dotted curves in Figure 3 show its 
form for negative values of (w,). Hence, 
if we replace each (w,) by the variable 
(w—W,) we would shift the curves to the 
right a distance w, thus producing the 
function D’(jw). Hence, 


D’ (jw) =G' (jam) |jom—j (@ — wo) (5) 


D’(jw) thus simulates G’(jw,,), since the 
latter is the transfer function of the 
modulation of the direct component of 


~ D/ (jw). 


However, D’(jw) is unrealizable, since 
it must contain the factor jw,. Neverthe- 
less, an approximation which yields a 
realizable network is available by varying 
the substitution to 


Jom—j(w— wp) (w+ wo) [20 = 
(1/2jw) [(ja)*+a?] (6) 


The transfer function thus formed— 
which we designate as D( jw), the ‘“‘realiz- 
able carrier-frequency function simulating 
(approximately) G’(jw,_)"—is always 
theoretically realizable as long as G’(jw,) 
is itself realizable. (One such network 
may be obtained by substituting for each 
capacitance C in the network of G’( jw») 
a parallel combination of capacitance 
C/2 and inductance w,2/2C; and for each 
inductance L a series combination of in- 
ductance L/2 and capacitance w,2/2L.) 

For w approximately equal to w»—that 
is, for small values of data frequency—the 
substitution of equation 6 reduces to that 
of 5; hence, D(jw) closely approximates 
D’(jw) and closely simulates G’( ja). 
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Letting jw—s in equation 6, the substitu- — 
tion becomes . | 


s>(1/2s)(s?+-a9?) (7) BY 


Thus, the procedure of synthesis is as 
follows. After picking a desired data~- 


frequency function G’(s), replace each (s) | 


in G’(s) as shown in equation 7. This 
produces a carrier-frequency function 
D(s) which is realizable, and which ap- 
proximately simulates G’(s). Since this 

simulation is only approximate, how-— 


ever, the modulation functions Gz and | 


G, should then be calculated in order to 
determine the exact effect of D(s). 


Graphical Analysis 


This synthesis procedure may be — 


facilitated greatly by graphical means of 


(1) determining a plot of the function | 
D(jw) directly from a plot of G’(jam) | 
and then (2) determining from D(jw) — 

plots of the functions Gq and G,. 


DETERMINATION OF D(jw) 


In Figure 4 is a sketch of the functions 
D’(jw) (shown by the solid curves) and 
D(jw) (shown by the dotted curves). If 
these curves are shifted to the left a dis- 
tance w,, and the lower sideband magni- 
tude and phase are appropriately folded 


about the 0-frequency axis, one obtains 


the graphs of Figure 5. Since the func- 
tion D’ is symmetric, its sidebands will 
coincide on the curve of G’, as pointed 
out previously. The realizable function 
D, however, being unsymmetric, will 
produce two sideband curves. Let us 
designate the upper as G(-+-jw,) and the 
conjugate of the lower as G*(—jwm) which 


Figure 3. Transfer function of direct com- 


ponent of D’ - 


AIEE TRANSACTIONS — 


- 
Fie (3) 


we shall abbreviate, 
Giy,G*-. 

For a given value of data frequency 
Wm, the values of G*~ and G* are equal 
respectively to the values of D*~ and 
D*. Hence, equations 1 and 2 may be 
expressed as follows 


Gy =(1/2)(G*- +G*) (8) 
G, = (1/27)(G*" —G*) (9) 


respectively, as 


It is far simpler to obtain Gz and G, by 
employing equations 8 and 9, because the 
plots of G*~ and G* need not be com- 
puted, but can be obtained directly from 
a plot of G’(jw,). 

The method of obtaining the plots of 
G*- and G?* (proven in Appendix B) is 
illustrated by the curves of Figure 6, 
which may represent either magnitude or 
phase of the functions. From a given 
point A on the G’ curve, points x and 
y on the G*~ and G* curves may be deter- 
mined by moving negatively and posi- 
tively, respectively, the frequency in- 
terval Aw,. In other words, the function 
Gt has the same value at the frequency 
(w,+Aw,) that G’ has at the frequency 
w, and that G*~ has at the frequency 
(w,—Aw,). This frequency interval is 
related to the frequency at which the 
point occurs, by the relation: 


_ ie 
Aw = V too? +042 — wo (10) 


This procedure may be employed for any 
desired data-frequency function, as long 
as that function is realizable, and the 
earrier-frequency function D(jw) is ob- 
tained from it by the substitution of 
equation 6. 


1951, VoLUME 70 


Figure 4 (left). \Carrier-fre- 
quency functions simulating G’ 


Figure 7 (right). Lower side- 
band template 


The task of plotting G*~ can be greatly 
facilitated if one constructs a transparent 
template as shown in Figure 7. The line 
G’ on the template is drawn at a con- 
venient angle, and the curved edge, 
labeled G*~, obtained by moving nega- 
tively from it the frequency interval 
of equation 10. Placing the template so 
that the vertical carrier-frequency index 
line lies at the frequency w,, one locates 
the point x on the plot of (G’), and from 


Sidebands of carrier-frequency 
functions 


Figure 5. 


it obtains («’) on the plot of (G*-). A 
similar template may be constructed for 
obtaining G*. 


COMPUTATION OF Gq AND G, 


We should like to express the relations 
for Gg and G, in such a manner that they 
may be calculated easily from the plots of 
the sideband functions G*~ and Gt, 
which, being data-frequency functions, 
should each be represented by two curves 
(in the same manner as ordinary d-c 


Figure 6 (left). Determination 
of sideband plots 


Figure 8 (right). Effect of carrier 
drift on D function 
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compensation functions’) : 


1. The magnitude of the function in deci- 
bels versus ‘the logarithm of frequency; 
that is, 20 logio |G| versus logio(w). 


2. Phase angle in degrees versus logio(w). 


(The reader may find, however, that it is 
more convenient to nondimensionalize 
the frequency scale in terms of the carrier 
frequency w,. That is, one plots these 
sidebands as functions of logio(~), where 
U=0/ Wp.) 

Since, by equation 8, G, is the vector 
average of the sideband functions, let us 
assume, as a first approximation, that it is 
equal to their graphical average—that 
is, its magnitude and phase plots would be 
graphical averages of the magnitude and 
phase plots of G*~, and G*. Let us 
designate this average—the first approxi- 
mation of Gg—as the mean function G,,, 
defined as: 


|Gm| = V|e*-|x]e+1 (11) 
[Gm = (1/2)(/G*-+/G*) (12) 


Let us define the incremental variables 
e and 6 


e=V|7*-[/[G*| =|6*-|/Gn| =|Gnl/IG*] 
(13) 

IG* 2/65) = /G* 1 Gm 
=/Gm—/G* (14) 


8=(1/2 


Substituting these into equation 8, Gg 
becomes 


Ga =Gn [(1/2) (e/+8+ (1/e)/—5)] (15) 


Since the expression within the brackets 
represents the variation of Gz from its 
approximation G,,, let us define it as the 


ales Py) 
\q 
| 


Wo Wo 
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Figure 9. Effect of carrier drift on sideband 
plots 


“direct component correction function 
Cy.’ Since Cy is an incremental quan- 
tity, it is more easily computed than Gg, 
because approximations are more easily 
made. The magnitude and phase of Cy 
are equal to: 


|Cal = (1/2) (e+ (1/e)) X 
/1—[2(1— cos 28)/(e+(1/e))?] (16) 


/Ca= tan! {(tan 6)(e@—1)/(e+1)] (17) 


Similarly G,, from equation 9, may be 
expressed as 


Gy = (Gn /2j) (e/ +8 — (1/e)/—5) 


=G,, sin 6[(1/2) (e+ (1/e)) (1 —j(e—1) X 
(cot 6)/(e?+1))] (19) 


(18) 


Since the expression within the brackets 
closely approximates unity for small 
values of (e—1) and 6, as a first approxi- 
mation, G, becomes 


G,aG,, sin 6 (20) 


Let us define the expression within the 
brackets of equation 19 as the “‘quadra- 
ture component correction function C,,”’ 
which represents the variation of G, from 
the approximation of equation 20. The 
magnitude and phase of C, are as follows: 


| Cq| = (1/2) (e+ (1/e)) 
V1+((e—1)2(cot%) /(2@+1)2) (21) 


/Ca= —tan~} [(@—1)(cot 6)/(2+1)] (22) 


By employing these expressions, plots 
of the functions Cg and C, may be com- 
puted readily from the plots of G*-, G*. 
The functions Gy and G, then may be ob- 
tained by combining these plots of C, 
and C, with the plots of G,, and G,, sin 6, 
respectively, Since Cy and C, are incre- 
mental quantities, it is not necessary to 


(AWS) 


Figure 10. Magnitude plot illustrating effect 
of carrier drift 
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calculate them very accurately, because 
a fairly large variation in them has little 
effect upon the values of Gq and G,. 


Generalization of Synthesis 


In the standard method of synthesis, 
the network is designed to be balanced 
(that is, approximately symmetric) about 
the carrier frequency. A more general 
approach would be to design a network 
composed of factors balanced about fre- 
quencies greater than, and/or less than, 
the carrier frequency. Some advantages 
that such a network might have are as 
follows: 


1. It might be more easily realized. For 
example, in Appendix IV is an inductance- 
capacitance lead network which is composed 
of two factors balanced about slightly dif- 
ferent frequencies. 


2. It might be less sensitive to a drift of 
the carrier frequency. Methods of designing 
such a network are discussed in a recent 
paper by A. P. Notthoff.4 


Let us digress for a moment and exam- 
ine a method of analyzing the effect of 
a drift of the carrier frequency which, in 
turn, will suggest a method of analyzing 
the effect of this more general network. 
The problem of carrier-frequency drift is 
also very important, in and of itself, be- 
cause it often is a basic limitation of the 
use of carrier-frequency compensation 
networks. 

Figure 8 is a magnitude plot of (Djw), 
balanced about w,. Let us investigate 
the effect of allowing the carrier to drift 
to the frequency w,’=w,—Aw,. One 
could obtain the new sidebands corre- 
sponding to this condition by folding the 
graph about the (w,’) axis,and shifting it to 
the left a distance w,’, as shown in Figure 
9. The dotted lines represent the side- 
bands when the network D(jw) is operated 
at the nominal carrier (w,), while the 
solid lines represent the new sidebands 
when the carrier is shifted to the fre- 
quency (w,—Aw,). Thus, it isseen that a 
negative drift of the carrier frequency 
may be accounted for by a positive shift 
of the upper sideband and a negative 
shift of the lower sideband equal to the 
frequency interval of drift Aw,. The re- 
verse is, of course, true for a positive 
drift. 

Now, to return to the problem of syn- 
thesis, let us balance the function D(jw) 
(or a factor of the function) about the 
frequency (rw,) rather than about the 
nominal carrier frequency (w,), simply by 


changing the usual substitution (of equa- 
tion 7) to 
s—>(1/2s) [s?+ (ravy)?] (23) 
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Phase plot illustrating effect of 
carrier drift 


Figure 11. 


Plots of the sideband functions of 
D(jw) could be obtained as follows. If 
we assume that the carrier is temporarily 
shifted to the frequency (rw,), the net- 
work is now balanced about the new car- 
rier frequency, and hence its sidebands 
can be plotted as before by using the 
templates, but indexing them at the fre- 
quency (7w,), rather than at the nominal 
carrier frequency (w,). Now, to com- 
plete the process, we can allow the carrier 
to return to its nominal value, account- 
ing for this shift by shifting the sidebands 
by the same interval: Aw,=(w,—rw,). 

To investigate the potentialities of this 
generalization, we note that every factor 
of G’ of the form (s+) will produce a 
factor in the D function as follows: 


(s+) —>(1/2s) [s? + 2c15+ (reg) ?] (24) 


If the data-frequency function G’ is a 
ratio of single-order factors, the same 
number of numerator and denominator 
(which is usually the case), the 2s terms in 
the carrier-frequency function D will 
cancel each other out. 

The important thing to note about this 
substitution is that the quadratic factor 
of the D function thus formed is per- 
fectly general. Now, any carrier-fre- 
quency transfer function can be expressed 
as a ratio of factors of s, single-order 
factors, and quadratics. The first two, if 
they are present, would have to be plotted 
by the usual means. That is, they would 
be plotted as functions of signal fre- 
quency w, and the sidebands obtained by 
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Figure 12. Inductance-capacitance carrier- 
frequency phase-lead network ir 
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Figure 13. Symmetric parallel ''T" 


folding about the carrier frequency w,, 
as shown in Figures 4and 5. (The factors 
of s need not be considered, however, if 
they are related to quadratics, as in equa- 
tion 24.) The quadratics, however, 
which ordinarily are the most trouble- 
some, need merely be plotted as single- 
order G’ factors, which are then shifted by 
appropriate amounts to obtain the side- 
band plots. 

Thus, in handling any carrier-frequency 
network, one expresses each quadratic 
in the form [s?+2a,s+(rw,)?], and then 
derives the sideband plots of this factor, 
by plotting the data-frequency function 
(s+) and shifting it by the proper 
amount. By combining the plots of these 
individual factors, the total sidebands of 
D may be formed. 


Summary of New Approach 


In order to summarize the approach 
that has been presented in this paper, let 
us consider various steps one might take 
in synthesizing a specific carrier-frequency 
network. First, one might determine a 
plot of the desired data-frequency func- 
tion, and then plot the sideband functions 
obtained by the standard method of syn- 
thesis. 

The functions Gg and G, could 
then be determined by employing the 
correction functions in conjunction with 
the mean function G,,. If carrier drift 
is likely to occur, these sideband plots 
should be shifted accordingly, and new 
values of Gz and G, obtained. An exact 
expression for the over-all effect of the 
network might even be computed, by 
employing the plots of Gg and G, in an 
analysis similar to that described in Ap- 
pendix ITT. 

One might find, however, that the 
transfer function D(jw) thus obtained is 
not adequate, either because the network 
is difficult to synthesize or because its 
over-all effect does not sufficiently ap- 
proximate the desired response. Hence, a 
more general synthesis procedure might 
be employed, and by a trial-and-error 
process, an optimum design obtained. 
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Difficulties Met in Sideband 
Shifting 


Before concluding, let us consider a 
problem met in shifting the sideband 
plots. Ifa point is shifted negatively an 
interval greater than the frequency at 
which it occurs, it will become a point on 
the other sideband curve. For example, 
in the magnitude plot of Figure 10, the 
sidebands corresponding to a negative 
drift of the carrier, Aw,, are shown as 
dotted curves (the lower sideband being 
represented by a double dotted curve), 
while the original sidebands are shown as 
solid curves. It is seen that a point x, at 
the frequency w,, on the original lower 
sideband, becomes the point x’ at the 
frequency (Aw,—w,) on the upper side- 
band. 

However, in the case of a phase plot, 
the sideband curves represent, respec- 
tively, the upper sideband and the con- 
jugate of the lower sideband. For a nega- 
tive drift of the carrier, a point on the 
original lower sideband curve becomes a 
point on a curve of the conjugate of the 
new upper sideband curve, Consequently 
it is the conjugate of this new point that 
occurs on the curve of the upper sideband. 
This is illustrated in Figure 11. 


Appendix | 


Derwation of Relations for Ga and Gg 


If the data signal x(t) in Figure 1 is a 
sinusoid, and the modulator reference is cos 
wt, the output from the modulator is 


€; =x(t) COS wot =(COS wmt)(COS wot) (25) 


For simplicity, the magnitude of the input 
and the constants of the various elements 
are taken as unity. Expanding, e; becomes 


e1= (1/2) cos (wotem)t+ 


(1/2) cos (w—wm)t (26) 


It thus consists of two frequency compo- 
nents, designated as e;* and e; respectively, 
which are transmitted to the network D(jw)- 

By simple steady-state a-c analysis, the 
steady-state output from D(jw) correspond- 
ing to the component e;* is 


@ t=Re{ (1/2)D[j(wo+wm)] X 
exp [j(wo+m)t]} 


=Re{ (1/2)|D+| exp (j/2*) x 
exp [j(wot+em)t] } 
=(1/2)|D+| cos [wot+(wmt-+/D*)} (28) 


(27) 


Similarly, the output corresponding to e;~ 
is 


ey =(1/2)|D-| cos [wot—(wmt—/P-)] (29) 


By trigonometric manipulation, the total 
output from the network, é, which is the 
sum of equations 28 and 29, may be put in 
the form 


€p =Cma(t) COS wottemg(t) sin wot (30) 
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Figure 14. Feedback around parallel “T” 


where 


ema = (1/2) {|D-| cos (wmt—/D~) + 


|D+| cos (wmt+/D*)] (31) 
mg = (1/2) [|D=| cos (wmt—/D~ — 1/2) = 
|D+| cos (wmt+/D*—x/2)] (32) 


Since the modulations ema, @mg are sinusoids 
they may be represented, respectively, by 
the vectors Ema, Ema: 


Ema = (1/2) {|D~-| exp (—j/D=) + 

|D+| exp (4/24) 

=(1/2)(D*-+D*) (33) 
Emq = (1/2) (|D~| exp j(—/D= —1/2) — 

|D+| exp j(/D*—x/2)] 


= (1/27)(D*" —D*) (34) 
These expressions for Enq and Emg are 
equal, respectively, to the transfer functions 
Ga and Gg, because the vector representing 
the data signal is merely X=1/0. 
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Proof of Graphical Determination of D(jw) 


Since the desired data-frequency function 
is realizable, it will be composed of factors of 
the form 
G'(joom) = ( jom + Pn) (35) 
where pn may be real, zero, or complex 
D(jw) is obtained by employing the sub- 
stitution of equation 6. 

D( jw) =([j(w—e») (wt) /20]+pn) (36) 
Now, at the frequency w=(wo+wm), this is 
equal to Dt, which in turn is equal to G*: 


G+ (jom) =D (jw) |e (wo +m) 
a ( [(jom) (2w»9 +m) /2(wo+ wm) ] =F 
fn) (37) 


Comparing equations 37 and 35, 


G *(Go 2») =G ’( joom) |com—w +(Qw9+w a) /- 


2(wotw*) (38) 


where w* is a specific data frequency at 
which we are to consider G*. Similarly, the 
function G~ is 


G~( jem) =D (jo) |w—> (wo — wm) 
= ({( —jum) (2a —wm) /2(wo —wm)]+ 
pn) (39) 


Therefore, its conjugate is 


G*~(jom) = ([(+-jem) (2eo —wm) /- 


2(wo —wm)|+Pn )) (40) 
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If pn is not complex, then px*=pn, and 
hence 


G*- (jw~) =G'( jom) lomo X 

(29 —w~)/2(w—w) (41) 
If pn is complex, G’(jwm) must have a pair 
of factors: 


G’ (jm) = (joom + bn) (jomt Pn”) (35a) 


Hence G*> will also have a pair of factors, 
one with the form of equation 40 and a 
similar one containing the conjugate of pn* 
—that is, pn. Consequently, equation 41 
is stitl valid. 

Thus, at the frequency [wt(2wo+w7)/- 
2(we+wt)]—which we shall designate as 
wat—G/ has the same value that Gt has 
at the frequency w*; while at the frequency 
[w~ (2w,—w~ )/2(w@»—w )|—designated as 
wa —G’ has the same value that G*~ has at 
the frequency w~. If we let watand wa~ 
be equal to the frequency w4, we inay ex- 
press wt and w~ in terms of w, as follows, 
by employing the quadratic formula: 

(42) 


wt =a, —W + V wa? +00? 


wr = a4 tery = V cog? + ao? (43) 
Since w* must be greater than zero, and w— 
less than the carrier frequency wy, we choose 
a positive sign for the radical of wt, and a 


negative sign for that of w . Hence, the 
frequency intervals (wt—wa), (wa—w7) 
are both equal to 

Aw, = Vw? 004? — Wo (44) 
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Analysis of the Effects of Quadrature 
Components 


An exact determination of the effect of 
quadrature components in a-c servomecha- 
nisms requires a detailed analysis of the 
specific modulator and demodulator. Pri- 
marily for the purpose of illustrating how 
such an analysis may be made, the writer 
will present an approximate analysis, involv- 
ing a synchro-data system as modulator 
and 2-phase motor as demodulator, based 
upon assumptions which may or may not 
be justified in specific cases. 

Let us assume that the synchro control 
transformer is attached to the output mem- 
ber, and the shaft of the synchro generator, 
attached to the input member, is held sta- 
tionary (which is justified for the purposes 
of stability considerations). Ignoring hys- 
teresis and eddy currents and considering 
sthall deviations, the complete output from 
the control transformer, for an error signal 
x(t) and reference cos wot, is 


dx 
ej=%X COS wt (2 jon) SiN Wot (45) 


Hence, the transfer functions relating the 
modulations of the direct and quadrature 
components of e; to the data signal, are, 
respectively: Gai=1; Ggi=s/wy. 

The direct component of e;, on being 
transmitted through the network D(jw), 
produces both a direct and a quadrature 
component, the modulations of which have, 
respectively, the transfer functions: (G4;)- 
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(Ga) =Ga; (Gai)(Gz)=Gg. The quadrature 
component of the signal e will produce a 
component in phase with it—another quadra- 
ture component—with the transfer function: 
(Ggi)(Ga)=(s/wo)Ga. It will also produce a 
component in quadrature with it—and, 
hence, 180 degrees behind the modulator 
reference—which is a direct component sub- 
tracting from Ga: —(Ggi)(Gz) = — (s/o )Ge. 

Consequently, the transfer function of the 
modulation of the total direct component of 
0, is 


Gar = Ga — (8/0) Gg (46) 
while that fer the total quadrature compo- 
nent is 


Gy =Gy+(s/wo)Ga (47) 

ln an analysis of the 2-phase motor by 
N. B. Nichols,? which made numerous 
simplifying assumptions, the equation for 
the torque, when the reference-winding volt- 
age is Sin wot, was derived. 


d 
T =p COS wot — (= jon) SiN Wot (48) 


If é, the control-winding voltage, contains 
direct and quadrature components as shown 
in equation 30, equation 48 becomes (after 
employing the double-angle trigonometric 
formulas), 


dew dem 
T =éma — (1/205 -—— San 2 
€md (2a iets (“2* 205) x 


d 
eae 2out+| en _( jaan) [x 


sin 2w,t (49) 


Neglecting the sinusoid terms, since, being 
of such high frequency, they do not produce 
real torque, the transfer function relating 
the torque to the data signal is 


T/X=Ga— (1/29) sGo 
= Gq [1 —(s?/2w 9?) ] —3sGg/2w 


(50) 
(51) 


Appendix IV 


Examples of Carrier-Frequency Lead 
Networks 


Let us investigate two commonly used 
carrier-frequency lead networks. In the 
first, shown in Figure 12, the elements with- 
in the dotted lines represent the equivalent 
circuit of an inductor, where R, and R, 
account for the copper and eddy-current 
losses respectively. If we let the carrier 


frequency wo be 1/ Vv TG the transfer func- 
tion of the network may be expressed in the 
form 


a S?+ 25+ (rw)? 


D 
(s) isaac hoe (52) 
where 
Be [1+ (Re/Re)]~'72=1 (53) 
ro= [1+(1/Re)(Ri+ R,)]72=1 (54) 
Re+(L/ReC im 
Pe (L/ReC) _R 1 (55) 


 2L(1+(R./Re)) 2b 2RoC 
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” 
' 


f 
Ri 1) 


(RiARI+(L/RC) 
@) oL 


OL (1-+ (1) Re) (Ri Ree 


(56) 

Ordinarily, for most inductors employed, 
R,is much greater than R,, and, hence, the — 
quantities 7, 7 are very close to unity, © 
which means that the quadratics of D(s) 
(equation 52) are essentially balanced about 
the carrier. If this were not so, it might be © 


better to adjust the elements so that the car- 


rier is equal to (19) or (72wo)—preferably | 
the former, since the numerator contains the 
lower break frequency. 4 
It is obvious that D(s) willapproximately | 
simulate the data-frequency function: | 
G'(s) = (s+) /(st-ws) (57) 
which is a lead network, since a is less than 
w). The main limitation on this network, 


however, is that the lowest value one can — | 


obtain for w is given approximately by the 
equation: 
quality of the coil at carrier frequency. 

A circuit which behaves very much like 
the inductance-capacitance network de- 
scribed previously, but which is capable of a 
much higher effective Q, is the parallel T. 


A symmetric form of the parallel T which is | 


quite useful is shown in Figure 13. It has 
the transfer function 


D(s) = 
[s*(RC)*+s(RC) ((2/7) —1) +1] [s(RC) +1] 


[s*(RC)?+s(RC) (1+ (2/7) +7) +1] [s(RO) + 
1) (58) 


If the carrier frequency w, is 1/RC, this re- 
duces to equation 53, where 7 and 72 are 
unity and 


w= [(1/7) — (1/2) ]wo (59) 


w= [(1/2) + (1/7) + (7/2) ]oo 


Consequently, this network will also simu- | 


late equation 57. In this case, however, 
«, can be reduced as low as desired—even 
to zero—but w». cannot be reduced below the 
value (1/2++/2)wo, or approximately 2wo. 


Hence, this requires an attenuation ratio of __ 


the lead network of at least 2wo/o1, which 
for small values of «; will be quite large; 
and, hence, the servo may be excessively 
bothered by noise. 

Unsymmetric parallel-T networks may be 
employed;> but even for the general case, we 
cannot be reduced below the value w . Be- 
sides, in order to avoid low input imped- 
ance, w2 should not be allowed to approach 
too closely to wo. 

A more promising way of reducing the at- 
tenuation ratio is by the use of negative 


feedback, as illustrated in Figure 14. The 


over-all transfer function becomes 


Ki 


Dis) = aie 


x 


527+ Qe15+ wo? . 


s*+ [(25) (2wo + Ki Ker) / (+5 K2)|+ wo? 
(61) 


Thus,the upper break frequency w, can be 
lowered to the value 


wo = (209+ Ki Koon) /(1 +K,K2) = 
2uo/(14+-KiK2) (62) 
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« /w9=1/2Q0o, where Qo is the | 


(60) | 
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Appendix V 


Important Symbols 


Cz=Ga/Gm=deviation of Gq from its 
approximation Gm, 

C,=G,/Gm sin 6=deviation of Gz from its 
approximation Gy, sin 6 

=realizable carrier-frequency function 

approximately simulating G’ 

D’=carrier-frequency function 
simulating G’ 

D+, D~-=the values of the function D at 
the frequencies (wpt+wm), (wo— wm) 

ej=input to network D(jw); output from 
modulator 

@)=output from network; input to demodu- 
lator 

éma(t), Ema=modulation, and its trans- 
form, of direct component of é 


exactly 


emt), Emg=modulation, and its trans- 
form, of quadrature component of é 

G’ =desired data-frequency function 

Gt, G*- =sideband plots of D 

Gg, Gg=transfer functions relating respec- 
tively Ema and Emg to X 

Gm=grtaphical average of the plots of 
magnitude (in decibels) and phase of 
Gt, G*-; a first approximation of Gq 

x(t), X=data signal and transform; the 
modulation of ¢;, and its transform 

6=/G*~ —/Gm=/Gm—/G* 

e=|G*-|/|Gml =|Gml/|G*| 

w=general frequency variable 

wm =frequency of data signal 

#9 =(nominal) carrier frequency 

Awa=interval of shift for determining 
sideband dissymmetry 

Aw, =interval of carrier-frequency drift 
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A Note on the Design of Conditionally 
Stable Feedback Systems 


PAUL TRAVERS 


ASSOCIATE AIEE 


T IS THE purpose of this paper to 

present, for a class of conditionally 
stable systems, equations which relate 
parameters of the loop transfer function 
to the relative stability of the system 
transfer function and to indicate the 
condition for which the system band- 
width is a minimum when the magnitude 
of the loop function is required to have a 
specified value at a specific frequency. 

A conditionally stable system becomes 
unstable when the loop gain is reduced 
sufficiently from the normal value. The 
dependence of loop gain upon system 
bandwidth in the case of absolutely 
stable systems has been shown by H. W. 
Bode.! The advantage of the condition- 
ally stable system lies in the fact that 
larger loop gains are permitted compared 
to absolutely stable systems of the same 
bandwidth, or, for the same loop gain, a 
smaller bandwidth is required. 

The problem of determining the in- 
crease in loop gain which can be obtained 
in going from an absolutely to a condi- 
tionally stable system is one which natu- 
rally suggests itself. Inasmuch as there 
does not appear to be a unique function 
which defines the conditionally stable 
system, a function is selected to satisfy 
the requirements of mathematical sim- 
plicity and approximate correspondence 
to practical structures. 

Some of the results of this analysis are 
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compared to a related study? in order to 
indicate the difference in analytical pro- 
cedure. 


Formulation of the Problem 


Figure 1 depicts the salient charac- 
teristics of the type of feedback system 
to be considered. Conditionally stable 
systems are to be analyzed for which the 
useful gain A is specified as a require- 
ment over a useful band of frequencies, 
the upper limit of which is w,. For 
reasons which will be apparent later, the 
effective bandwidth of the system is 
characterized by w,. At this frequency 
the system function has a maximum 
magnitude Mmax which is a measure of 
the degree of stability of the system. 

The argument of D. Herr and I. Gerst? 
relative to the desirability of minimizing 
the system bandwidth is pertinent here. 
They point out that the two principal 
reasons for minimizing the system band- 
width are: (1) to minimize the transmis- 
sion of noise by the system; and (2) to re- 
quire the lowest frequency-response char- 
acteristic for the physical elements of the 
system. 

The loop function class analyzed by 
Herr and Gerst is particularly appro- 
priate to the problem at hand. This loop 
function is 


«(1+2) 
KG(jw) = = ae 
cy (14%) - 


where r22 and t>1. The parameters 1, 
s, and t are variables which control the 
attenuation rate and w, and w, are the 
corner frequencies associated with the 
logarithmic representation of the loop- 
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ve 


function magnitude which is shown in 
Figure 2. 

The problem may be stated explicitly: 
given A, Mmax, and the high-frequency 
attenuation rate, determine that attenu- 
ation rate ro which minimizes ,,/W,, the 
bandwidth ratio. 

Before proceeding with the solution, 
the relevant work of Mr. Herr and Mr. 
Gerst is reviewed. 


The Analysis of Herr and Gerst 


The significance of Herr and Gerst’s 
organization of a systematic approach 
to the synthesis of feedback systems re- 
sults mainly from their comprehension of 
the suitability of the class of functions 
studied. This review is necessarily brief 
and mentions only those aspects which 
are pertinent to this paper. 

Herr and Gerst used for a normalizing 
frequency the intersection of the exten- 
sion of the low-frequency asymptote with 
the 0-decibel ordinate (shown in Figure 2 


as having the valueW K). With four 


combinations of 7, s, and ¢ to define the 


functions analyzed, they determined the 


useful loop and system function param- — 


TYPICAL LOOP FUNCTION 


|KG( jos) MAGNITUDE 


IN DECIBELS A JS USEFUL GAIN 


re) 


TYPICAL SYSTEM FUNCTION 
MAGNITUDE 


|M(jw)| 


EFFECTIVE BANDWIDTH 


TYPICAL 
FEEDBACK 
SYSTEM 


-_ RUjw) __ KG jes) 
MU) = SG) * T+KEGW) 


Otis) 
KG (jw) E(jo) 


Figure 1. Loop function and system function — 
versus frequency and schematic for typical 
feedback system 


’ 


AIEE TRANSACTIONS 


KG(jw) = 


ATTENUATION RATE 
-20r db/dec 


ATTENUATION RATE 
—20(r-S) db/dec 


20L06 C 


ATTENUATION RATE—— 
-20(r-s+t) db/dec 


eters in the frequency domain and the 
system response in the time domain for 
the constraint that the ratio w,/ VK be a 
minimum for the specified Mmax. They 
obtained the two corner frequencies 
@/ WK and w,/WV K which completely de- 
termined the loop and system functions 
for each set of 7, s, t, and Mmax. 


A straightforward approach to the 
problem of determining the optimum low- 
frequency attenuation rate would be to 
extend the analysis of Herr and Gerst by 
selecting other sets of 7, s, and ¢ and by 
trial-and-error noting when w./ VK is a 
minimum. This is not a practical method 
because of the complexity of the algebra 
involved when large values of r and ¢ are 
used. The complexity of the results 
based on minimizing w,/ VK may be ob- 
served by noting the polar co-ordinates 


KEY 
=) 
2 


|KG(jw)], DECIBELS 


r 
3 
2 
3 
2 
K 


ZKG(jw) 


Figure 2 (left). Asymptote representation of 
the magnitude of the loop function 


Figure 3 (above). The points of tangency of 
Herr and Gerst compared with those of Krohn 


of the loop function at w,,, that is, the 
point of tangency to the M-contour. 
Figure 3 shows that KG(jw,) varies with 
r, s, and t when Mnmax is fixed. 

The reason for emphasizing the co- 
ordinates of KG(jwm) is to consider a 
criterion for which KG(jw,,) has a single 
value for each Miax. This criterion, 
noted by Krohn,* states that from the 
standpoint of utilizing the maximum 
phase margin of a system, the loop trans- 
fer function should be tangent to the M- 
contour at the point of maximum phase 
margin, providing the curvature of the 
loop function does not exceed the curva- 
ture of the M-contour. The curvature 
requirement is satisfied by setting s equal 


100,000 


10,000 
/- ASYMPTOTES FOR ) 
/__ KROHN'S CRITERION 
/ > ASYMPTOTES FOR 
HERR&GERST'S 
CRITERION 1,000 
\8 db 
aq 
z 
& 
> db 2 
WwW 
vs 
o 
__ 6db a 
5 ” 100 
oO 
x 
Sani: 
3 
a 
KROHN'S CRITERION —~ 
ed E HERR & GERST' L 
=I (CRITERION ele 
' 
“2b eer 77/1 
e 
wo- 
Figure 4 (above). Comparison of two sets of asymptotes 
Figure 5 (right). The optimum ro for minimum w/w as a '9 | 2 


function of specified gain A and relative stability M 
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to r-1 in equation 1. Phase margin is 
taken here to be the sum of the loop- 
function phase and m radians. The sub- 
sequent analysis shows that, starting with 
Krohn’s criterion, the optimum low- 
frequency attenuation rate can be found. 
To the extent of using Krohn’s eriterion, 
this paper diverges from the approach of 
Herr and Gerst. The analysis also in- 
cludes a comparison of the important 
frequencies obtained from each of the 
procedures and concludes that, except for 
the relative values for w,,, the differences 
between the two methods for determining 
the tangent point are not significant. 


Analysis Based on Krohn’s 
Criterion 


The polar co-ordinates of KG(jw) at wp, 
can be expressed as a function of Miz, 


|KG| (joom)| = Mimax/V/ MP? max? (2) 
/KG(jwm) = (sin711/Mmaex) —7 (3) 


Since the phase of KG(jw) is a maxi- 
mum at w,, the differentiation of the 
expression for phase angle obtained from 
equation 1 and the use of equation 3 per- 
mits the corner frequencies and their 
ratios with w, to be obtained as functions 
of r, t, and Minax- 


ahaa, WA as 


3 4 5 6 7 8 9 10 
OPTIMUM fo 


RATIO OF FREQUENCY OF MAXIMUM MAGNITUDE TO FREQUENCY OF SPECIFIED GAIN 


(MAXIMUM 
MAGNITUDE) 


A=100 
(SPECIFIED GAIN) 


LOW FREQUENCY SLOPE, 20r db/DECADE 


Figure 6. Bandwidth as a function of low- 
frequency slope 


1\2 
oxfor=A(r—a4/( cos“ ) (4) 
wm /o,=2(r—1)/ cos~* (5) 
0 / n, =2t/ cos} (6) 


max 


The details leading to these results are 
given in the Appendix. 

It is noted that w,,/o; is not dependent 
on t and ,/wm, is not dependent on r. 
The use of Krohn’s criterion with this 
class of loop functions permits the separa- 
tion about w, of the effects of the low- and 
high-frequency attenuation rates. This 
separation is the justification for defining 
the effective bandwidth as w,,, The ef- 
fective bandwidth is independent of 4, 
and tis used only to determine w/a, 

Equations 2, 5, and 6 are used to deter- 
mine the ratio of w, and the intersection 
of the extension of the low-frequency 
asymptote with the 0-decibel ordinate in 
Figure 2, VK: 
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MINIMUM BANDWIDTH RATIO 
Wm/Wa 


oe iia 1 
A r (cos) x 


(Minax/~/ M¥max—1) * (7) 


When VK is set equal to unity, w, from 
equation 7 can be compared with the 
value b’ given by Herr and Gerst to de- 
termine how much bandwidth is sacri- 
ficed when Krohn’s criterion is used. 
Table I is a comparison for four combina- 
tions of ry and ¢ and for three values of 
Myax. The values for b’ are, with one ex- 
ception, slightly lower than those for w?. 
However, the response of the system to 
noise at high frequencies is not simply a 
function of w2, but of the frequency of in- 
tersection of the extension of the high- 
frequency asymptote with the 0-decibel 
ordinate. This frequency is a function of 
, t, and the loop-function asymptote 
gain at wp. 

To illustrate this point two pairs of 
asymptotes are plotted in Figure 4, using 
values for the frequencies which are 


normalized so that VK equals unity. In 


GAIN A AT Wa 


Minimum bandwidth ratio as a 
function of specified gain 


Figure 7. 


the case of r=2, t=2, M=1.5, the high- 
frequency asymptote determined by Herr 
and Gerst lies slightly below that obtained 
from equations 4 to 7. In the second case 
where r=3, [=1, M=1.1, the situation is 
reversed even though the value of @: of 
Herr and Gerst is the lesser. The dif- 
ference in each case is small, and one 
concludes that it is negligible as far as the 
noise response caused by the high-fre- 
quency asymptote is concerned. 

Table II compares the values of w,,/ WK 
with Herr and Gerst’s x, for four com- 
binations of ry and ¢ and for three values of 
Mmax. The values for x, are higher by 
25 to 40 per cent. The comparison of the 
noise-transmission characteristics re- 
sulting from the differences in w,, is out- 
side the scope of this paper, but may well 
be the object of future work. 

Table III compares two sets of corner- 
frequency ratios, w2/w; and b’/a’ and the 
values for b’/a’ are higher but not sig- 
nificantly so. 


Table |. Comparison of asf VK with 6’ 


M=1,1 M=1.3 M=1.5 
r t wn/\/K b’ w/ ¥/K b’ w2/4/ b' 
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Borah A aincore (ovtat ate SOVOBie raat 3050 ove rorslseys LGR08 inca NEOUS ers 6 ora 1213 Scene 12.11 
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M=1.1 M=1.3 ~M=15_ 
fi t om/\/K Xm wom/x/K Xm om/4/K =m 
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Die ccs ON 1 38D cages TOG B etre ci Ee ook. 1:01 aetna 1/331 eee 1.878 
th cis Oa DE ore 3.279 anaes APIA Nears tet DETBO Mitin CW tee ge act 2 HOG secre 2 3.372 
Dees ai: DR Sees, WEED ens a EGY epee ro Or heALPA tio e asc 1s884 02 -yceee 1.381 eae 1.825 


Travers—The Design of Conditionally Stable Feedback Systems 


AIEE TRANSACTIONS 


Table Ill. 


Comparison of «w./w; with 6//a’ 


M#1.5 


MeL M«1.3 
r t w/w b'/a' w/w b'/a’ w/o b'/a’ 
17.41 ie erie ek 12.12 
BAS cn tn cde Noy Cane . 6.35 
35.35... nee Oa 24,04 


WRB ALLA S eae ee LIN OR 


In summarizing the comparisons it may 
be said that, to the same frequency scale, 
the resonant frequencies of Herr and 
Gerst are consistently higher to a greater 
degree than the extent of the differences 
between the high-frequency asymptotes. 

The bandwidth ratio w/w, is derived 
in the Appendix from equations 2 and 5 


Se [(AV/ Maax*—1/Mmax)]"X 
Wa 


rT—1 


— gy awe L)" x 
Ee 1) cos val (8) 


Differentiation of equation 8 with re- 
spect to r gives the optimum 7 which 
MINIMIZES Wy, / Wa, 


(ro = 1) evs [A V Minox? “Te 1/2. Minax | x 


1 
Ne 


cos7! 


The optimum ro is plotted in Figure 5 as a 
function of A for five values of Miax. 
The bandwidth ratio w,,/w, asa function 
of y for specified values of A and Minx is 
depicted in Figure 6 to indicate the na- 
ture of the optimization. In Figure 7 the 
minimum bandwidth ratio is drawn as a 
function of the specified gain for the con- 
ditionally stable systems of equation 1 
and for a simple absolutely stable system 
characterized by the loop function 


K 
KG(jw) 7 .N 
jo( 144") 
ay 


The curve ‘of bandwidth ratio as a 
function of r shows that the minimization 
is less critical when Minax is increased, and 
that the slope is greater for values of 
less than 7; than it is for values of r 
greater than 70. 


Conclusions 


With the conditionally stable systems 
of Herr and Gerst as the basis for study, 
it has been shown that the loop function 
parameters can be explicitly related to 
the degree of stability when the loop-gain 
criterion of Krohn is used. Furthermore, 
it is demonstrated that the loop-gain 
‘setting of Herr and Gerst based on mini- 
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mizing the upper-corner frequency leads 
to essentially the same high-frequency 
asymptote as does the loop-gain setting 
of Krohn based on tangency to the M- 
contour at the frequency of maximum 
phase-margin, The major difference be- 
tween the two gain criteria lies in the 
frequency at which the system function 
is a maximum and the latter criterion 
results in the lower frequency, For the 
systems studied, the principal advantage 
of Krohn’s criterion is that the polar co- 
ordinates of the loop function at the fre- 
quency of tangency to the M/-contour is a 
function only of the degree of stability 
Max. ‘This simplifying dependence upon 
Mix allows the effect of the loop param- 
eter r upon the system bandwidth ratio 
to be analyzed, and it is found that an 
optimum ro exists which is a function of 
the useful gain A and the degree of sta- 
bility Minax and for which the bandwidth 
ratio is a minimum, 

This study complements the analysis 
of Herr and Gerst in that an alternative 
gain-setting criterion has been established 
and the effect of varying 7 has been in- 
vestigated. 


Appendix 


From the loop function 


Pee PERT 
(jo) (14%) (1) 


t tan-— —(r— ete (10) 


Ww 


Differentiating (10) and equating to zero 


Op(w) _(r—J)or eg 
Ow wy2-w? — arn fw" 


(11) 


the frequency w,», at which @ is a maximum 
is obtained 


yi 
pay vy y-p 


where 


(12) 
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Bquation 12 is substituted in equation 10 


vo—1 
max =f tan™! = 
E an \ Pate 


i —| w ' 
tan™! \; = -+% | (14) 


The tan! functions are approximated 
1 y—p 
max =e — ag eocet = 
hinnx Ee 132) 


v is obtained as 


Alp 
v= 7 Vall +R) ] (16) 
(a) 
where KR is 
—1)(é 1 
Ree (7) 


Ap(wp —1)(—p) 


Figure 8 shows the loci of constant KR in the 
v,p plane, The range of parameters r, 1, M 
likely to be encountered lie in the region 
above the line y= 2p, and it can be seen 
that RK1 so that R may be neglected in 
equation 16, 

From equation 16 and 3 


aA (4) 
a) 
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It can be demonstrated that neglecting R 
in equation 16 is equivalent to approxi- 
mating (¥p—1)/(~—p) by p in equation 12, 
then, when equation 4 is substituted in 
equation 12, 


wm 2(r—1) 


(5) 
Q@) 1 
cos™! 
max 
and 
@W2 2t 
BE a 6 
am ay 1 ( ) 
max 


tion 2, 


The gain at a is 


2(r—1) Mrmax 
20109 | inenmercaes mae SS 
cos! LV Moox*—1 
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20r log —+20 log X 
Wa 
Birt Ae ey 
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The frequency ratio w;/wq is 


1 1 


on -(2e 2r—1)_\ 
a Mmax cos~! 1 


max 


Using equations 4 and 5, wm/wa and 


we/wa are 
E pita 
om (4v Matt) eae Dns 
ne Max cos7! 
(8) 
i r—! 
we (4 esta) 2(r—1 is 
ie Muss cos~} : x 
2t 
cos’! 


To find the optimum 7) equation 8 is dif- 
ferentiated with respect to r and equated to 
zero, and the transcendental equation which 


is obtained is 
1 
cos 
(ose) 


(9) 
In Figure 2 +/K is obtained from the 
equation 


A V Minax? = 
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F 1) 
20'7 log —— 
on 
2(r—1 M. 
=20 log cere.) ee 
cos! —L. WV Minas? 1 
max 
K =r 5/ ee 
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Using equation 5 
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A Phase-Plane Approach to the 


Compensation of Saturating 


Servomechanisms 


ARTHUR M. HOPKIN 


ASSOCIATE AIEE 


HE GENERAL approach to the 

analysis of servomechanisms is one 
which is based on the assumption that the 
dynamics of the system can be expressed 
to a reasonable degree of accuracy by 
linear differential equations.! It is then 
possible to use frequency response methods 
and Laplace transform type of analysis. 


An idealized system represented by 
such a linear approximation is shown in 
the block diagram and equations of 
Figure 1. The particular ideal system 
represented would give an instantaneous 
following of all inputs with no error as a 
result of the first- and second-order de- 
rivative compensation paths. How- 
ever, any actual physical system will de- 
part from the idealized system when 
there is some large error, or a large output 
velocity, or large output acceleration, 
since there is a maximum limiting value 
of all physically generated quantities. 


When this limiting or saturation occurs 
anywhere in the system the idealized 
linear representation is not valid and can 
no longer be used to describe the servo- 
mechanism performance. If the servo- 
mechanism is to be a high-performance 
device, then in all probability it must be 
designed to follow input signals whose 
velocity and acceleration are high enough 
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to produce saturation in some part of the 
system. For this case the analysis based 
on linear approximation fails. There are 
then two alternatives: to eliminate the 
source of saturation from the servo- 
mechanism, or to use some other ap- 
proach which will lead to improved per- 
formance in spite of the saturation ef- 
fects. This paper is concerned with the 
latter alternative. 

The phase-plane analysis?** will be 
used to synthesize servomechanisms, 
taking saturation effects into considera- 
tion. The dynamic performance of a 
second-order system can be completely 
specified in terms of two variables. It is 
customary to delineate the response of a 
system in terms of a plot of output dis- 


placement versus time for some given 


input. However, the same information 
can be displayed by relating other pairs of 
variables. For the purpose of this paper 
the phase-plane plot used will consist of a 
rectangular-coordinate plot of system 
velocity versus the system displacement 
at the same time instant. The locus or 
trajectory of the points in the phase plane 
will be used to describe the system per- 
formance. 

The use of the phase-plane concept as a 
basis for analysis imposes an immediate 
limitation. The analysis can be applied 
only to systems whose differential equa- 
tions of motion are of second order. Later 
there will be developed the requirement 
that the general shape of all the system 
trajectories be the same. This require- 
ment places the further restriction on the 
system that the equation of motion con- 
tain no terms which are functions of posi- 
tion. 
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These two restrictions can be stated 
more precisely by saying that the dis- 
cussion is restricted to servomechanisms 
in which the relationship between the 
manipulated variable m and the con- 
trolled variable c can be expressed by a 
differential equation of the form 


2 (% d*¢ 
ae ) (1) 
In order to specify optimum perform- 
ance of a servomechanism there first must 
be established some criterion of per- 
formance. For the purpose of this paper 


the following criterion of performance is 
set up: 


The optimum performance of a servo- 
mechanism shall be that behavior in which 
the system returns to rest with zero or mini- 
mum error in the shortest time following a 
step input. 


The expression zero or minimum error 
is used to take into account the effect of 
coulomb friction. 

This criterion for performance is a 
dynamic one and does not specify the 
steady-state error. Because it is based on 
a step input it does not specify the re- 
sponse to a constant-velocity input. 
However, this criterion does give a meas- 
ure of system performance under many 
conditions. Later in the paper the re- 
sponse to constant-velocity inputs is 
considered and an additional criterion is 
implied in terms of the following of a con- 
stant-velocity input with minimum 
steady-state (constant-velocity output 
condition) error. 

The objective of this paper can now 
be set forth. The first and major ob- 
jective is to describe a control means that 
will give optimum performance when the 
servomechanism motor and load have 
been previously specified, using the per- 
formance criterion already established. 
The second and minor objective is to 
consider methods of modifying the control 
means of the servomechanism so that it 
will not only fulfill the given performance 
criterion but also will follow a constant- 
velocity input with a minimum following 
error when constant-velocity output is 
attained. 
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Figure 1. Ideal positioning control device 

with the following equations of motion 

(bp+Jp2)c=m 

r—c=e 

mt+mo+m;=kr—ke+bpce+Jp2c =m 

(bp+Jp2)c = kr—ke+(bp+Jp%c 

c=r 

This requires an error signal, a first derivative 

of the output, and a second derivative of the 
output 


The Desired Performance of the 
Control Means 


In order to make servomechanism out- 
put change from one position to another 
in a minimum time, the control means 
must be able to bring about the following 
operation: 


1. The maximum safe forward value of 
manipulated variable must be applied from 
the instant of the step input until a specific 
later time. In response to this maximum 
safe value of manipulated variable, the ser- 
vomechanism will be accelerated at a maxi- 
mum rate for each value of output velocity. 


2. Ata specific time the manipulated vari- 


able must be reversed to a maximum safe 
reverse value so that the system will be de- 
celerated at a maximum rate for each value 
of output velocity. The instant of reversal 


of the manipulated variable must be so 
selected that the system is decelerated to a 
stop precisely at the desired value of servo- 
mechanism output. 


3. At the instant that the system stops at 
the desired value of output the manipulated 
variable must be returned to zero value so 
that the system will remain at rest at the 
desired value of output. 


It must be shown that the above given 
performance of the control means results 
in the optimum performance for the sys- 
tem. Phase-plane relationships necessary 
to the proof first must be derived. Figure 
2 shows a general phase-plane plot of the 
time derivative dx/dt of some response of a 
second-order system, plotted against the 
system displacement x. The slope M of 


the trajectory at some point P is 
d dx 
M=— — 
dx dt 


The product of the slope at point P and 
the value of dx/dt at point P is given by 
dx |,_ 4 dedx_d'x 
dts dx dt dt dt? 


Thus the expression for the acceleration 
at point P is 


<=—M (2) 


DIRECT 


INVERSE 
Figure 2 (left). A 


representative phase- TRAJECTORY 
plane plot 
DIRECT 
Figure 3 (right). 


Corresponding direct 
and inverse phase- 
plane plots for a 
second-order posi- 
tioning system for 
four different cases 


INVERSE 


Trajectory 1is dashed 
in on all plots for 
comparison 
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TRAJECTORY 3 


For a given value of dx/dt the aceelera- 
tion of the system is proportional/to the 
slope M of the phase-plane plot at that 
value of dx/dt. This relationship holds 
true for all points except where dx/dt=0. 
This property is used to give a comparison 


of acceleration at the same velocity in the — 


phase plane. 


The time required to go from one point . 


to another in the phase plane can be de-. 
termined from the following integral 
equation: 


tb xb 
wnaontm f arm fi ae 
ta xa dx 
xb 4 
yy — de (3) 
= xa dx 


dt 


A graphical interpretation of equation — 


3 shows that the time required to go 
from one point to another along a tra- 
jectory in the phase plane can be ob- 
tained by drawing an auxiliary graph of 
1/dx/dt plotted versus x and measuring 
the area under this inverse plot between 
the x-co-ordinates of the two points in- 
volved; that is: 


zb 1 
i= ob —dx=area under inverse 
x 


a 2 ourve beeen Xq to xX» (4) 
dl 
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TRAJECTORY 2 
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TRAJEC- 
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Figure 4. Phase-plane trajectories for a linear 
position controller 


F represents trajectories for a forward value 

of manipulated variable. R represents tra- 

jectories for a reverse value of manipulated 
variable 


Servomechanism system phase-plane 
trajectories representing the results of the 
application of different types of manip- 
ulated variable functions are shown in 
Figure 3. To facilitate discussions in- 
volving time, the plot of inverse velocity 
versus displacement was drawn directly 
below the direct plot for each type of 
manipulated variable function. Trajec- 
tory 1, in both direct and inverse plots, 
represents the performance with the 
optimum control means already described, 
and is dashed in on all of the plots for a 
comparison. It represents maximum ac- 
celeration for a specific time interval, and 
then maximum deceleration until the 
velocity becomes zero. The point of re- 
versal of the manipulated variable is so 
selected that the system stops at the de- 
sired (zero) displacement. Trajectory 2 
represents a similar performance except 
that both accelération and deceleration 
are less than maximum for part of the 
trajectory. Trajectory 3 represents maxi- 
mum acceleration and deceleration at all 
times but the point of reversal of the 
manipulated variable takes place too 
soon, with the result that the system 
tends to stop short of the desired dis- 
placement. This tendency is corrected 
by two more reversals of the manipulated 
variable. Trajectory 4 represents maxi- 
mum acceleration and deceleration at all 
times but with the reversal of the manip- 
ulated variable too late, with resultant 
overshoot. Another reversal of the manip- 
ulated variable is required to bring the sys- 
tem to a stop at the desired displacement. 
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Figure 6. Graphical representation of lineari- 
zation of the phase-plane critical boundary 
by use of a nonlinear network 


Curve A is the boundary on the original 
phase-plane plot. Curve B is the desired 


linearized boundary. Curve C is the required 
transfer 


nonlinear-network function 


INDUCTION 
MOTOR 


Figure 7. Block 
diagram for the 
shaded-pole induc- 
tion motor servo- 
mechanism using a 
micropositioner re- 
lay and a nonlinear 
element type antic- 
ipator 
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AMPLIFIER 


REFERENCE POT 


POSITION POT 


RELAY 
AMPLIFIER a Le 
Figure 5. Schematic diagram of an oscillo- 


scope-photocell anticipator servomechanism 


Since the time required to go from one 
displacement to another is proportional 
to the total area bounded by the inverse 
curve, the x-axis, and the initial and final 
x-ordinates, examination of the trajec- 
tories of Figure 3 shows that the per- 
formance represented by Trajectory | in- 
volves the minimum time of any shown. 
Since all trajectories that differ from 
Trajectory 1 have less acceleration or de- 
celeration, or have the initial reversal of 
the manipulated variable sooner or later 
than Trajectory 1, all trajectories dif- 
fering from Trajectory 1 represent a 
longer time interval than does Trajectory 
1. Hence Trajectory 1 represents opti- 
mum performance. 


The Method of Obtaining the 
Desired Control Means 
Performance 


In order to obtain the optimum per- 
formance, some type of switching device 
is required to apply the maximum safe 
value of manipulated variable in one 


POSITION 
POTENTIOMETER 


TACHOMETER 


NONLINEAR 
NETWORK 


INPUT 
POTENTI- 
OMETER 
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direction, or the other, or not at all, as 
necessary, A device also is required to 
control the time of application, reversal, 
and removal of the manipulated variable 
so that the system output will traverse 
the minimum-time path in the phase 
plane, This device will be referred to as 
the anticipator, In order to set up the 
control means, a practical anticipator 
must be devised, 

Vigure 4 shows the phase-plane tra 
jectories for a linear positioning system? 
with a constant maximum value of manip 
ulated variable. The system is a closed 
loop system and the trajectories are 
plotted as output velocity versus error 
displaeement, Ag a result the trajectories 
are a valid representation of the system 
dynamie performance only when the ref 
erence input is constant (ag it is for a step 
input), In Figure 4 the error is con 
sidered positive when the output is less 
than the reference input, The velocity is 
considered positive when it is in such a 
direction as to correet for a positive 
error, 

sy referring to Vigure 4, 1t can be seen 
that if the 


velocity with zero error it 


system is to come to zero 
must travel 
along one of the particular phase-plane 
trajectories which come into the origin in 
the first and third quadrants, 

‘The locus made up of the combination 


O84 


Figure 9. Phase-plane trajectories combined 
to make the critical boundary for the shaded- 
pole induction motor servomechanism 


of these two particular trajectories which 
come into the origin shall be called the 
critical boundary. This critical boundary 
is the boundary in the phase plane at 
which the manipulated variable must be 
reversed in order to bring the system 
error to zero at zero velocity. For the 
control system to perform properly the 
relay which controls the manipulated 
variable must operate as follows: 


1, It must be in a forward position when- 
ever the system operating point is to the 
right of the critical boundary. 

2, It must be in a reverse position when- 
ever the system operating point is to the left 
of the critical boundary. 

3. It must be open (giving zero-value 
manipulated variable) when the system 
operating point is at the origin, 


For a system operating thus, consider 
the response when a step of 0.8 per unit 
displacement is put into the reference in- 
put. The initial operating point is point a 
(0.8,0) on Figure 4, 
the right of the critical boundary, the 
manipulated-variable relay must close in 


Since this point is to 


Figure 8 (left). Biased-diode 


type nonlinear element 


Figure 11 (right), Positioning 

system response to step-error 

inputs at various amplitudes. 

The timing signal is ten cycles 
per second 


ERROR DISPLACEMENT 


Hopkin—Phase-Plane Analysis 


AAA 


VOLTS] 


4 | Oe 
WW 
h. Bett 
| +——-$310 
| | # 
| ime) 
‘ene is aril 4 
! }- Eg 
S| 
= — til 4 
|> 
nm 
rt 
N 


Figure 10. Critical boundary for the shaded- 


pole induction motor servomechanism 


the forward direction, causing the operat- 
ing point to move along forward Tra- 
jectory 1 past point b to intersect the 
critical boundary at point c. At this 
point the manipulated-variable relay must 
reverse, causing the operating point to 
move down along the reverse trajectory 
which forms the critical boundary in the 
first quadrant, past point d to the origin. 
At the origin the relay must open to bring 
the value of the manipulated variable to 
zero so that the system remains at rest 
with zero error. 

Thus a practical anticipator can be 
made up as a device which at a given 
moment senses the region of the phase 
plane containing the system operating 
point and which operates the manip- 
ulated-variable relay accordingly. 


Figure 5 shows a schematic diagram for 
a system whose anticipator is based on a 
straightforward application of this con- 
An oscilloscope has its deflection 


cept. 


AAA 


{SEC 


ve 2SEC. 


AIEE TRANSACTIONS 


JO CPS TIMER 


plates supplied with velocity and dis- 
placement voltages in such a manner that 
the system phase-plane plot is displayed 
on the face of the tube. An opaque mask 
cut with one border the shape of the crit- 
ical boundary is placed on the face of the 
tube so that it just covers the forward re- 
gion of the phase plane. The tube face is 
viewed by a 931-A photocell with a 
balanced amplifier so arranged as to close 
the forward contacts of a balanced relay 
when the spot is behind the mask, to 
close the reverse contacts when the spot is 
visible, and to close neither set of con- 
tacts when the spot is split by the edge of 
the mask. 

This system was set up and found work- 
able. However, the bulk and electronic 
complexity of the oscilloscope-photocell 
combination was considered undesir- 
able. 

Another method of realizing the antici- 
pator has proved more practical. This 
method consists of inserting a non-linear 
network in the error-voltage output to so 
modify the shape of the phase-plane tra- 
jectories that the critical-boundary curve 
becomes a straight line of 45 degree slope. 


@- ERROR VOLTAGE 
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Figure 12 (left). 
Photograph of the 
response of a simple 
relay servomecha- 
nism for a step error 
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Figure 13 (right). 
Photograph of the 
response of a veloc- 
ity - compensated 
relay servomecha- 
nism for a step input 


This concept is shown graphically in 
Figure 6. The forward region of the 
phase plane is represented by the condi- 
tion that the distorted error voltage be 
greater than the velocity voltage, the 
negative region by the condition that the 
error voltage be less than the velocity 
voltage. 

The anticipator is set up by using the 
proper nonlinear network to distort the 
error voltage, and by adding this dis- 
torted error voltage to the negative of the 
velocity voltage. The sum voltage of 
these two signals operates a_polarity- 
sensitive relay which controls the manip- 
ulated variable of the system. 

A practical application of this method 
was set up in the form of the servomecha- 
nism shown in the block diagram of 


Figure 14. Comparison of the response of the 
anticipator servomechanism with the responses 
of other types of relay servomechanisms 


Solid lines represent the response of the 
anticipator servomechanism. Dotted lines 
represent the response of the simple relay 
servomechanism. Dot-dash lines represent the 


response of the relay servomechanism with 
velocity compensation 
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Figure 7. A Barber-Coleman reversing 
shaded-pole motor was used as the posi- 
tioning device, with a Barber-Coleman 
micropositioner relay used to control the 
manipulated variable by short-circuiting 
one or the other of the two shading coils. 
The motor was connected to the line at all 
times. 
were used to convert the reference-input 
position and the output position to 
voltages. An Elinco permanent-magnet 
generator was used to provide a velocity 
A biased-diode non-linear ele 


Ten-turn helical potentiometers 


signal. 
ment® as shown in Figure 8 was used to 
distort the error voltage, and a balanced 
differential amplifier was activated by the 
difference between distorted error voltage 
and velocity voltage to operate the micro- 
positioner relay. 

The shape of the critical-boundary 
curve was obtained by fluttering the 
micropositioner relay. The phase-plane 
trajectory was displayed on a cathode ray 
oscilloscope as a closed loop and was 
photographed. The photograph was cut 
along the error axis and the two halves of 
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2 INPUT SIGNAL 


RELAY DEAD ZONE 


Figure 15. Comparison of characteristics of a 
narrow-proportional-band amplifier and a re- 
lay with dead zone 
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Figure 16. 
servomechanism 


the photograph were shifted with respect 
to one another until the two decelerating 
portions of the curves lined up, as shown 
in Figure 9. Since the shape of all de- 
celerating trajectories for the positioning 
system are the same, the trajectories of 
Figure 9 can be used to determine the 
critical boundary plotted in Figure 10. 

The time response of this system to 
various values of step input is shown in 
Figure 11. Similar responses for systems 
using the same components but without 
the anticipator element are shown in 
Figures 12 and 13. A comparison of the 
different system responses is shown in 
Figure 14, indicating the improvement of 
response resulting from the use of the 
anticipator element. 

When this induction-motor positioning 
system is used with constant-velocity 
inputs, the micropositioner relay chat- 
ters continuously with resultant wear. 
Therefore this system is not ideal for such 
use. 


Methods of Obtaining Improved 
Response With Constant-Velocity 
Inputs 


In order to obtain a system which will 
follow constant-velocity inputs smoothly 
it is necessary to replace the relay with 
some device which can give a wide range 
of values of manipulated variable. At the 
same time this device should have prop- 
erties very close to the properties of a re- 
lay if the system is to approach optimum 
performance in response to a step input. 

The device which fulfills these require- 
ments is a mnarrow-proportional-band 
saturating amplifier. In Figure 15 the 
properties of such an amplifier are com- 
pared with those of a relay with dead 
zone. An anticipator servomechanism 
using a d-c shunt motor and a narrow- 
proportional-band amplifier is repre- 
sented by the block diagram of Figure 16. 
A linearized phase-plane plot showing the 
linearized critical boundary as a function 
of velocity voltage and distorted error 
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Block diagram for a narrow-proportional-band anticipator ep 
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de__dr ,de 


dte di sdt 


Figure 19 (above). Block 


diagram of a velocity-error 

narrow - proportional - band- 

anticipator type servomecha- 
nism 


Figure 1 7(left). Plot of velocity 
voltage versus nonlinear net- 
work output voltage 


VELOCITY VOLTS x 0.3 


de _ 
dt 


The solid line is the critical 
boundary on the transformed 
phase plane. The two dashed 
lines are the forward and re- 
verse saturation limits of the 
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voltage is shown in Figure 17. The re- 
gion close to the critical boundary in 
which the manipulated variable (output 
of the narrow-proportional-band saturat- 
ing amplifier) is proportional to input 
signal is the region where the magnitude 
of the input signal (e,—dc/dt) is less than 


two volts This proportional region is 
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amplifier. Region A is the re- 
verse-saturation region, region 
B is the proportional region, 
and region C is the forward- 
saturation region 


Figure 18(below). Phase-plane plot showing — 

the critical boundary as a solid line, and the 

forward and reverse saturation boundaries as 
dashed lines 


A typical system trajectory is shown as the 
solid line with arrowheads. The maximum 
reverse region is indicated by the letter A; 
the proportional region is indicated by B; 
and the maximum forward region is indicated 


by C 
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shown in Figure 18, enclosed by the for- 
ward- and reverse-saturation boundaries, 
which are the straight linese, —dc/dt= +2. 
The region to the right of the forward 
saturation boundary represents the region 
of maximum forward value of manipu- 
lated variable, while the region to the 
left represents the region of maximum re- 
verse value of manipulated variable. 

If the value of the input ¢ to the non- 
linear network corresponding to each 
output value e; is found, a phase-plane 
plot of system output velocity versus 
system error (dc/dt versus e;) can be made 
up as shown in Figure 18. Here the same 
regions exist as shown in Figure 17, but 
the boundaries are no longer straight 
lines. In the region between the two 
saturation boundaries the value of the 
manipulated variable will change 
smoothly, but will not be a linear function 
of error voltage minus velocity voltage. 
The manipulated variable in this region 
will be some function of (e,—dc/dt) de- 
pending on the transfer function of the 
nonlinear network. 

The dynamic behavior of this system 
can be visualized by considering the re- 
sponse to a step input. In response to a 
step input producing an error displace- 
ment of 52 volts, the operating point of 
the system moves to point (52,0) on the 
phase plane, which is in the region in 
which the value of the manipulated vari- 
able is at the maximum. The system 
accelerates along a trajectory which has 


Figure 20. Critical boundary and saturation 
boundaries for the shunt motor servomechanism 


The solid curve is the critical boundary and 
the two dashed curves are the forward and 
reverse saturation curves. The area between 
the two saturation boundaries represent the 
proportional region 


Figure 21. The phase-plane 
trajectories obtained by put- 
ting various amplitudes of step 
input into an anticipator servo- 
mechanism with a narrow-pro- 
portional-band amplifier 


Vertical scale 18.2 volts per 
inch, horizontal scale 150 
volts per inch 


maximum magnitude of slope for each 
value of velocity (because with the maxi- 
mum applied value of manipulated vari- 
able there will result a maximum magni- 
tude of acceleration for each velocity). 
This trajectory continues until it crosses 
the forward saturation boundary and the 
amplitude of the manipulated variable 
decreases so that the magnitude of the 
slope of the trajectory becomes progres- 
sively less than the slope of the trajectory 
for maximum manipulated variable. At 
the point where the actual trajectory 
crosses the critical boundary the manip- 
ulated variable goes through zero and 
then builds up in the reverse direction. 
As the trajectory comes closer and 
closer to the reverse saturation boundary 
the slope of the actual trajectory at a 
given velocity approaches the slope of the 
critical boundary at that same velocity. 
Once the trajectory crosses the reverse 
saturation boundary, the system tra- 
jectory will be parallel to the critical 
boundary. However, it will be displaced 
horizontally by the distance D, where D is 
the horizontal distance between the crit- 
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ical boundary and the point where the 
system trajectory crosses the reverse- 
saturation boundary. (See Figure 18.) 
Thus the system will come to zero veloc- 
ity with an overshoot error of magnitude 
D and will oscillate before coming to 
steady state at some very small error. 
The nature of the oscillation can be ap- 
proximately determined by linear theory, 
using the theory of small oscillations 
about the zero error point. 

The simplest way to reduce the over- 
shoot D is to make the proportional band 
width of the amplifier as narrow as pos- 
sible. The overshoot can also be reduced 
by changing the nonlinear element so 
that its transfer curve has a shape slightly 
different from that of the critical bound- 
ary. 

In response to a constant-velocity in- 
put this servomechanism has a stable 
operating point in the phase plane. Fora 
one-volt input to the mnarrow-propor- 
tional-band amplifier there is obtained a 
steady-state velocity output of six volts. 
In order for the system to be in equili- 
brium, the error voltage must be suffi- 
cient to provide one-volt input to 
the narrow-proportional-band amplifier. 
Since the velocity voltage is six volts, the 
output of the nonlinear element must be 
seven volts, and the input must be 
eighteen volts of error voltage. 

Thus there can be a constant-velocity 
operating point in the phase plane at 
dc/dt=6, ¢=18, as labeled O,, in Figures 
17 and 18. At a constant velocity the 
system acts as if it had a constant in- 
serted error equal to the amount of the 
velocity voltage. An additional error is 
of course necessary to excite the am- 
plifier in order to produce the required 
manipulated variable. The effect of the 
nonlinear network in the error channel is 
to increase the error voltage still more. 

Thus the system proposed can be made 
to give a good response to a step function 
and to follow constant-velocity signals 
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smoothly. However, the following error 


may be large. 

A further modification will produce a 
servomechanism which will have the same 
properties in response to a step input but 
will follow a constant-velocity input with 
very small error. The difference between 
the input velocity and the output velocity 
may be used as the velocity-error signal 
in a system such as is shown in Figure 19. 
As the velocity error of the servomecha- 
nism approaches zero the point of error 
velocity versus error displacement moves 
down to the zero-velocity-error axis. 
As it does so, the required displacement- 
error voltage decreases until the steady- 
state operating error becomes equal to the 
amplifier input required to maintain the 
velocity: one volt for the example given. 
This error is small and could be made 
smaller by making the proportional band 
width of the amplifier less. 

A narrow-proportional-band amplifier 
anticipator servomechanism of the type 
indicated in Figure 16 was made up using 
d-c shunt motors driven by a high-gain, 
narrow-band electronic amplifier. The 
velocity was converted to a voltage signal 
by a permanent-magnet tachometer, and 
helical potentiometers were used to ob- 
tain displacement voltages. The critical- 
boundary phase-plane trajectories were 
determined by oscillating the motors and 
Photographing the closed-loop phase- 
plane plot on an oscilloscope screen. A 
biased-diode nonlinear network was then 
set up to give the corresponding transfer 
function. Figure 20 is a phase-plane plot 
showing the critical boundary and the 
saturation boundaries for the actual 
system. In the actual system the propor- 
tional band width was about 0.2 volt. 
It was found that the maximum steady- 
state error for the system was one-fourth 
degree in 3,600 degrees. The system 
hunted continuously at a frequency of 
about 40 cycles per second with an am- 
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Figure 22 (left). The 
phase-plane _ trajec- 
tory obtained by put- 
ting a step input into 
a simple propor- 
tional servomecha- 
nism with a narrow- 
proportional - band 
amplifier 


Figure 23 (right). 
The time reponse to 
an exponential input 
function for an anti- 
cipator servomecha- 
nism with a narrow- 
proportional - band 
amplifier 


plitude of about one-tenth degree. 

The system response to various am- 
plitudes of step inputs in each direction is 
shown in the phase-plane plot of Figure 
21. For comparison the response of a 
similar system without the nonlinear net- 
work or the velocity input is shown in 
Figure 22. Note that the vertical scale is 
different for the two figures. Figure 22 
represents overshoot with several cycles 
of oscillation, while in Figure 21 each 
trace represents maximum acceleration 
up to the critical boundary, and then 
sudden reversal of the manipulated vari- 
able to decelerate the output along a tra- 
jectory very close to the critical boundary 
so that the system comes smoothly to a 
stop without overshoot. 

The response of the system to a varying 
input is shown in Figure 23. The input 
was actually the voltage obtained across 
a resistance-capacitance network with an 
applied step input and consisted of an 
initial jump followed by an exponential 
decay of voltage. The output-displace- 
ment curve is shifted on the vertical axis 
one small square above the input curve as 
a result of oscilloscope drift. This system 
first fails to follow fast enough, then 
overshoots, and finally reaches essentially 
a steady-state velocity. 


Discussion of the System 


The anticipator servomechanism has 
several advantages which make it worthy 
of consideration: 


1. Since the anticipator system operates 
the motor with maximum value of manipu- 
lated variable most of the time, the utiliza- 
tion factor for the motor is excellent, and 
better performance can be obtained for 
given motor and load components. This 
improvement is obtained without the use of 
improved components. 


2. It provides a means of stabilizing a 
servomechanism with high effective gain. 
As has been pointed out, when a narrow- 
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proportional-band amplifier system is used, 
increasing the gain (narrowing the propor- 
tional band) decreases any overshoot and 
shortens the time required for the system 
to come to steady state following a step in- 
put. The actual compensation for a second- 
order system consists of the first-derivative 
signal and the nonlinear network. 


3. Since the method of compensation is 
not dependent on any linear theory, non- 
linear components such as split-field series 
motors and induction motors can be used in 
the systems without any increase in the 
difficulty of design of the servomechanism. 


4. The anticipator system is readily ap- 
plied to the compensation of relay servo- 
mechanisms. There are methods of com- 
pensation for relay dead zone and operating 
time. 


At present this approach has the re- 
striction that the physical system must 
have such dynamic properties that the 
relationship between manipulated vari- 
able and the system output can be ex- 
pressed only by a second-order differential 
equation with no terms which are func- 
tions of the output position. 

This requirement entails two disad- 
vantages: 


1. The restriction that the system equation 
be one of second order comes from the fact 
that the two-dimensional phase-plane tra- 
jectories are not meaningful expressions of 
the system dynamics for systems whose 
equations of motion are higher than second 
order. 


2. The restriction that the system equa- 
tion possess no terms which are functions of 
output position means that there can be no 
spring-type forces in the system. It also 
means that all system trajectories must have 
the same shape, with different initial condi- 
tions represented by the trajectories being 
shifted varying distances along the dis- 
placement axis. Therefore the critical 
boundary always has the same shape re- 
gardless of the value of the reference input. 
If the shape of the critical boundary changed 
with change of reference input, the design 
of the nonlinear network for the anticipator 
system would be much more difficult. 
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Conclusion 


The purpose of this paper is to describe 
a new control device for use with position- 
ing systems in order to produce the cor- 
rection for a step error in minimum time, 
taking into consideration the saturation 
effects existing in any physical system. 
_ By means of a phase-plane approach 
the optimum control device is shown to 
be one in which a maximum value of 
manipulated variable is applied first in 
one direction and then reversed at the 
critical time to a reverse-maximum value 
so as to bring the system to a stop at the 
desired position. 

The device which controls the applica- 
tion and reversal of the manipulated 
variable has been given the name of antic- 
ipator. It senses the point where the 
actual system phase-plane trajectory 
crosses the particular trajectory making 
up the critical boundary, that is, one of 
the two which go into the phase-plane 
origin. It there reverses the manipulated 
variable to bring the system operating 
point along the critical boundary to zero 
velocity with zero error. The anticipator 
unit utilizes a nonlinear element. 

A variation of this system, using 
a mnartrow-proportional-band amplifier 
to control the manipulated variable, 
is proposed to give a _ better re- 


sponse to a constant-velocity input. 

This approach is limited to use with 
systems whose differential equations of 
motion are second order and possess no 
terms which are a function of position. 
However, it permits better performance 
to be obtained with the same components, 
and it is as easily applied to nonlinear 
systems as to linear ones. It is especially 
well adapted to use with relay servo- 
mechanisms. 


Nomenclature 


m=manipulated variable 

f( ) =function of ( ) 

c=servomechanism controlled output vari- 
able 


dc , : 
a =servomechanism output velocity 


d*¢ : 5 
de =seryomechanism output acceleration 


x =general displacement of some system 


d. ‘ 
= =general velocity of some system 


2. 


ee . 
a =general acceleration of some system 


M =slope of a phase-plane trajectory 

ta—+»=time to go from a to 6 in the phase 
plane 

ta, ty=time at point @ or point b 

Xa, Xp=the x coordinate of point a or point b 

¢,=distorted error voltage output of the 
nonlinear network 

D=horizontal distance between critical 
boundary and a saturation boundary 


at the point where the system tra- 
jectory crosses into the saturation 
region 

eé=servomechanism error =r7 —¢ 

O1,02=anticipator servomechanism operat- 
ing point for a constant velocity input 

y=reference input quantity 

Mm, M2, Mz; =components of the manipulated 
variable 

p=time derivative operator d/dt 

p?=second order time derivative operator 
d?/dt? 

b=damping coefficient 

J =inertia coefficient 

k=gain constant 

é,=difference between nonlinear network 
outputand velocity output =e: —dc/dt 

R=resistance 
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Selection of Equipment for Multiple- 
Unit Cars 


W. M. HUTCHISON 


MEMBER AIEE 


Synopsis: Electric multiple-unit cars af- 
ford the most economical method of han- 
dling suburban passenger service, provided 
the volume of traffic warrants the high 
initial expense of electrification. Neverthe- 
less, because of the low use factor of these 
cars in commuter traffic, fixed charges are a 
high percentage of the total cost of the serv- 
ice. It is important to reduce these fixed 
charges by finding means for lowering the 
initial cost of multiple-unit car equipment. 
It also is important to simplify such equip- 
mentin order tominimize maintenance costs. 

One method which has proved to be ef- 
fective in reducing costs in many other fields 
is that of standardization. The develop- 
ment of rectifier-type motive power for ap- 
plication on high-voltage a-c systems gives 
promise of effecting a degree of standardiza- 
tion for the majority of applications by the 
wider use of low-voltage d-c traction equip- 
ment. Further economies should be pos- 
sible by careful selection of available alter- 
natives in details of the equipment. Various 
choices are discussed with particular refer- 
ence to low cost and low maintenance. 


UBURBAN commuter traffic has 
been a problem to the railroads of the 
country for a long time. The nature of 
the traffic is such that a heavy volume 
occurs for a limited period during morning 
and evening rush hours. For the rest of 
the day a large portion of the equipment is 
idle. As a result, the fixed charges are a 
relatively high percentage of the total cost 
of providing this service. 

For this reason, it is important that the 
initial expenditure for such equipment be 
as low as possible consistent with the 
fundamental requirement of affording the 
public safe, comfortable, convenient serv- 
ice. 

It has long been recognized that the 
electric multiple-unit car is an ideal means 
for handling suburban traffic. It has ad- 
vantages in operating flexibility, in rela- 
tively high rates of acceleration as com- 
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pared to locomotive-hauled trains, and in 
practically uniform accelerating rates re- 
gardless of the length of train, provided a 
constant ratio of motor cars to trail cars is 
maintained. 

However, electrification is expensive 
and it is important that further progress 
be made in reducing costs not only if ad- 
ditional extension of electrification is to be 
considered, but to obtain a reasonable 
return from this service on those units 
now in operation, 

For these reasons, three important ob- 
jectives to be sought in new multiple-unit 
cars are low initial cost, simplicity, and 
low maintenance expense. Low initial 
cost is important to reduce the fixed- 
charge content of the total cost of opera- 
tion. Simplicity of construction and cir- 
cuits is necessary to assist in achieving 
low maintenance expense, without which 
no operation can be economical. 

One of the most effective ways to re- 
duce the first cost of multiple-unit car 
equipments is to employ standardization 
of systems and apparatus to a much 
greater degree than has been done in the 
past. There is a wide variation in equip- 
ment which has been selected for mul- 
tiple-unit cars by various companies, both 
in power supply systems and also in the 
details of the traction apparatus. The 
effect of standardization in keeping costs 
low is well illustrated in the diesel-electric 
locomotive field. In the period from 1939 
to 1948 the price per pound of a 2,000 
horsepower diesel-electric road locomotive 
increased an average of only approxi- 
mately 20 per cent as compared to an in- 
crease during the same period of approxi- 
mately 150 per cent for a 4-8-4 type steam 
road locomotive, This relatively low in- 
crease for the diesel-electric locomotive 
in a period of rising labor and material 
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costs may be attributed largely to mass 
production of standardized units. 


Systems of Suburban Electrification 


Suburban electrification in this country 
may be divided into three general systems 
as related to the power supply—11,000 
volts 25 cycles alternating current, 600 
volts direct current, and 1,500 volts or 
3,000 volts direct current. 

Each system has certain advantages. 
The high voltage of the a-c system makes 
it possible to supply economically large 
amounts of power over long distances. 
The low-voltage d-c system includes the 
advantage of the d-e traction motor in 
higher efficiency, better starting tractive 
effort characteristics and, relatively low 
maintenance expense. The high-voltage 
d-e system approaches the advantages of 
the a-c system in reducing transmission 
losses while retaining some of the ad- 
vantages of the d-c traction motor. 

It has been necessary until very re- 
cently to weigh the relative advantages of 
these systems and to select that which ap- 
peared to be the best compromise for the 
particular application, relinquishing the 
advantages of the others. Today, how- 
ever, the excellent results which have been 
obtained with Ignitron rectifier-type mo- 
tive power, as applied for trial in 1949 toa 
Pennsylvania Railroad multiple-unit car, 
give promise of a new system which em- 
bodies the advantages of high-voltage a-c 
transmission with the superior charac- 
teristics of low-voltage d-c motors. 

The relative number of motor cars and 
trail cars in service on electrified main 
lines in each of the three power supply 
classes is indicated graphically in chart (a) 
of Figure 1. Sixty-three per cent of the 
total number of cars are operated at 600 
volts direct current 22 per cent at 11,000 
volts alternating current, and 15 per cent 
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(a) BY POWER SYSTEMS 


(ACTUAL) 


at 1,500 or 3,000 volts direct-current. 

The wide use of low-voltage d-c motors 
and control is one of the factors which 
stimulated the development of Ignitron 
rectifier equipment for a-c electrifica- 
tions. The basic requirement for this type 
of service using modern cars of 60 to 70 
tons is approximately 400 horsepower per 
car. In this range, 600 volt d-c equip- 
ments, using either two or four motors, 
have been produced in considerable 
quantities. The ease of extending the use 
of such equipment to a-c systems and 
hence obtaining the advantages of stand- 
ardization in lowering costs is indicated in 
Figure 2. As shown, the essential ele- 
ments of a rectifier-type a-c multiple-unit 
car equipment are a standard d-c pack- 
age, including motors and control, and a 
conversion unit including transformer, 
Ignitron rectifier, and associated de- 
tails. 

Reference to chart (b), Figure 1, illus- 
trates how application of 600-volt d-c 
motors and control to existing a-c systems 
would increase the preponderance of low- 
voltage d-c equipment to 85 per cent of 
the total. 

Thus, rectifier motive power not only 
has advantages over a-c single-phase mo- 
tive power of lower weight, less space, 
higher efficiency, and higher power factor, 
but it also advances the cause of stand- 
ardization of multiple-unit car equip- 
ment. This is in addition to the possi- 
bility it affords of using commercial 60- 
cycle frequency power for new electri- 
fications, thus further applying the prin- 
ciple of standardization to reduce costs. 

It is realized that this possibility for 
standardization depends upon proof of 
satisfactory long-range operation of recti- 
fiers and associated equipment in motive 
power service. At the present writing an 
a-c multiple-unit car equipped with Igni- 
tron rectifiers and d-c motors has oper- 
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Figure 2, Schematic 
diagram of rectifier 


Figure 1. Distribu- 


w 

ae tion of multiple-unit 

a cars in main-line serv- 

8 ice in the United 
States 


1500-3000 VOLTS 


(b) BY TRACTION MOTORS 
USING RECTIFIERS ON A-C 
(PROJECTED) 


ated for a total of 36,000 revenue miles 
over a period of 12 months. During this 
period nothing has occurred to raise any 
doubts as to its satisfactory life. Further 
evidence will accumulate as service con- 
tinues. Further trial applications are in 
progress. Two 6,000-horsepower rectifier 
locomotives will be delivered to the 
Pennsylvania Railroad early in 1951. 
Also, the French, who are interested in 
electrification at 50 cycles, 20,000 volts, 
have arranged to install an Ignitron 
equipment on a multiple-unit car for 
trial. 

Coincident with the development of 
Ignitron rectifier equipments for traction 
applications, considerable progress has 
been made in the design of a-c motors and 
control recently applied in multiple-unit 
car service, with particular emphasis on 
the objectives of low cost, simplicity, and 
low maintenance. Since, obviously, 
whether the ultimate multiple-unit car 
equipment is to be alternating current, 
direct current, or a combination of the 
two, standardization in the details of the 
traction apparatus will be effective in 


A-C TROLLEY 


=600 Vv D-C 
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TRANSFORMER 


600 VOLT D-C 


multiple-unit car 
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reducing costs, several of the choices 
available are discussed from the stand- 
point of relative cost, simplicity, and 
maintenance. 


Number of Motors Per Car 


The relative advantage of 2-motor and 
4-motor equipments for multiple-unit car 
service recently has received considerable 
attention, Four motors per car generally 
are necessary where trailer operation is 
employed and are used commonly on 
high-voltage d-c equipments to permit the 
application of two half-voltage motors in 
permanent series connection, Equip- 
ments with four 300-volt series wound, 
self-ventilated spring-borne motors and 
insulated for operation with two motors 
permanently connected in series on 600 
volts are used widely in streetcar and 
rapid transit service. Recently applica- 
tion of four spring-supported motors has 
been made to suburban multiple-unit cars 
on both an a-c and a d-c system, 

Under certain conditions, a 4-motor 
equipment has definite advantages over 
the 2-motor type. The division of the 
total car weight on the four driving axles 
permits exerting relatively high tractive 
effort without slipping the wheels. This 
makes possible higher accelerating rates 
than can be used effectively on 2-motor 
equipments. For the short runs common 
in local subway service, this feature is de- 
sirable to maintain schedule speeds. 

An important advantage is spring sus- 
pension of the motor from the truck, in- 
stead of suspending it from the car axle. 
As a result, the motor is cushioned against 
road shocks. By subdividing the re- 
quired motor capacity into four instead 
of two units, there usually is adequate 
space in the car trucks sufficient for the 
motors and the drive elements required 
with truck mounting. This is more 
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difficult where two larger motors are used 
per car. 

Not all these advantages apply to cars 
for suburban service, particularly for 
operation in trains of all motor cars. As 
compared to average runs of less than 
one-half mile in local rapid transit service, 
runs in typical commuter service may 
range up to 10 miles or more, with aver- 
ages for all runs from 1.25 to 2.0 miles. 
High accelerating rates under these con- 
ditions result in little improvement in 
schedule speed with a relatively large in- 
erease in power consumption. For ex- 
ample, a study made of multiple-unit car 
operation on a 1.3-mile run with various 
accelerating rates indicated that raising 
the rate from 1.0 to 1.5 miles per hour 
per second increased the schedule speed 
only 3.3 per cent, with an increase in 
power consumption of 4.7 per cent. The 
advantages of four motors in making 
higher accelerating rates practicable, 
therefore, cannot always be utilized 
economically in such service. 


The particularly attractive feature of 
the 4-motor equipment is its adaptability 
to cushioned mounting of the motors on 
the truck, together with flexibility in the 
drive between the motor armature and 
the car wheel. There is no question of the 
desirability of this type of mounting and 
drive. Itisimportant, however, to exam- 
ine its benefits in the light of the over-all 
cost to obtain them. 


The favorable results to be hoped for 
are improved life of motor parts, such as 
insulation, brush holders, bearings, and 
possibly shafts because of reduction of 
shock forces imposed; improved life of 
gears and pinions because of better align- 
ment and lubrication; improved ride for 
passengers because of less noise and fewer 
shocks transmitted from motors to 
trucks to car body; and reduced stresses 
on the track because of the reduction in 
unsprung weight. 


However, increased costs are to be ex- 
pected with the spring-suspended truck- 
mounted arrangement. With the same 
margin in design and the same manufac- 
turing conditions, smaller motors actually 
cost more per horsepower to manufacture 
than larger ones. The 4-gear drive units 
(gears, pinions, gear cases and bearings, 
couplings and suspension links) are sub- 
stantially more than twice as expensive as 
the parts they replace in a 2-motor axle- 
mounted design (gear, pinion, and gear 
case). The assembly of truck-mounted 
motors and drive units in the car trucks is 
a considerably more complicated opera- 
tion than with 2-axle hung motors. The 
closer tolerances which must be main- 
tained with the gear unit and coupling 
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require a higher grade of maintenance or, 
without it, more frequent attention. Car 
wiring is more expensive with both trucks 
motorized instead of only one. Main- 
tenance of four smaller motors instead of 
two larger ones normally is more expen- 
sive. The motors and their principal 
parts are in either case too large to be 
handled without crane facilities. There 
are twice as many armatures, stators, 
commutators, brush holders, and many 
detailed parts. 

The use of four motors rather than two 
motors for multiple-unit cars operating 
in all motor car trains in suburban serv- 
ice may, therefore, result in an increase 
of considerable magnitude both in first 
cost and in maintenance costs. For this 
reason, extreme care should be exercised 
in making a choice. There are, of course, 
some instances beyond the operator’s 
control, such as passenger preferences, 
which influence the choice. 


Trailer Operation 


With electric multiple-unit cars, three 
methods of operation are possible—all 
motor cars, semipermanently connected 
2-car units consisting of one motor car 
and one trailer, and motor car and trailer 
operation in varying make-up of trains 
limited to a minimum fixed ratio of motor 
cars and trailers. Each method has its 
advantages and all are in use success- 
fully. 

The most economical method of opera- 
tion is the greatest possible use of trailers 
during the rush hours to reduce the in- 
vestment for equipment which has a poor 
load factor, and the use of all motor cars 
during the non-rush hours to provide the 
fastest service to attract new patrons. 
However, motor car and trailer operation 
gives the least amount of flexibility. All- 
motor-car operation requires a minimum 
of terminal switching and affords the 
greatest protection of equipment and 
schedules in case of failure of one car in a 
train 

In spite of the larger relative invest- 
ment in motive power and higher fixed 
charges because of poor utilization, most 
postwar purchases of new equipment have 
been for all-motor-car operation. 

A weighing of the relative economies of 
low fixed charges or of high operating 
flexibility has led to the conclusion that 
the maximum flexibility obtained with a 
consequent reduction in terminal facilities 
and costs justifies the additional invest- 
ment required for all-motor-car opera- 
tion. Moreover, fixed charges and oper- 
ating expenses can be lowered by maxi- 
mum utilization of the new equipment in 
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both base and peak service and by Aug- 
menting the latter with existing cars,” 

Another reason for all-motor-car opera- 
tion is the public demand for faster and 
more de-luxe commuter service in keeping 
with the latest trends of through service. 
Illustrating this trend are recent light- 
weight, semistreamlined commuter cars 
equipped with air conditioning, automatic 
heating and ventilating controls, fluores- 
cent lighting, and better seats and wash- 
room facilities, 


Dynamic Braking 


Dynamic braking has been used widely 
in city, rapid transit, and locomotive 
service, but no applications have been 
made in the United States in multiple- 
unit commuter service. There is no 
fundamental reason why it should not be 
used. It is again simply a question of 
whether the results obtained from its use 
justify the additional cost and complica- 
tion. 

The benefits to be expected are in- 
creased safety, lower wheel temperatures, 
and savings in brake shoes—the latter 
variously estimated at $50 to $250 per 
car per year. 

Dynamic braking has the following 
disadvantages: 


1. Machines designed primarily to perform 
the motor function do not have sufficient 
capacity for full service braking from maxi- 
mum speeds. Its use may involve 15 per 
cent to 20 per cent more weight in the motor, 
with a corresponding increase in cost. 


2. It adds to the complexity of the control 
equipment. 


3. It involves increased complication of the 
air-brake equipment to secure blending of 
dynamic and air brakes. 


None of these difficulties are insur- 
mountable, and in fact dynamic braking 
has been applied satisfactorily in other 
fields. However, it usually has been ap- 
plied primarily to obtain results peculiar 
to the specific application, such as holding 
locomotives on long grades, because of 
rubber insert wheels on Presidents’ Con- 
ference Committee cars, or to reduce 
brake-shoe dust in the subways. The 
additional cost and complication have 
militated against its use on multiple-unit 
cars. 


Conclusions 

The development of the Isgnitron 
rectifier for motive power, although still 
in the experimental stage, offers inter- 
esting possibilities in reduction of costs of 
electric multiple-unit car equipment, by 
standardization of both systems and 
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traction apparatus. Low-voltage d-c 
motors and control are available employ- 
ing either two or four motors per car, and 
can be used directly from a 600-volt d-e 
trolley or third rail or from a high-voltage 
a-c trolley through rectifiers. The use of a 
common equipment for either 600-volt d-c 
systems or high-voltage a-c systems may 
extend, the advantages of standardization 
and quantity production to this field. 

Further advantages are to be gained 
from careful selection among the various 
alternatives in details of the traction ap- 
paratus available. The selection of 
equipment for multiple-unit cars is not an 
exact science, but rather an opportunity 
for the exercise of engineering judgment. 
Careful selection, based on the funda- 
mental premises of low initial cost, sim- 
plicity, and expected low maintenance for 
each individual application, should result 
in the optimum service to the public and 
profit to the railroad. 


Discussion 


D. R. MacLeod (General Electric Com- 
pany, Erie, Pa.): Since the object of his 
paper is to discuss various choices of mul- 
tiple-unit car equipment with particular 
reference to low cost and low maintenance, 
it would be helpful if Mr. Hutchison were to 
give comparative data that would enable the 
reader to evaluate the various alternatives 
which he presents. We heartily concur 
with his emphasis on standardization as a 
means of achieving low first cost, and on 
simplicity of equipment as a means of re- 
ducing maintenance costs. 

We note the paper states that ‘‘The use of 
four motors rather than two motors for mul- 
tiple-unit cars operating in all-motor-car 
trains in suburban service may, therefore, 
result in an increase of considerable magni- 
tude both in first cost and in maintenance 
costs.”” We do not agree with this state- 
ment. While the paper also makes a casual 
reference to ‘‘the considerable progress in 
the design of a-c motors and control,” pre- 
sumably of the type presented in the papers 
by Messrs. H. G. Jungk! and S. E. New- 
house,? it does/not cite advantages or dis- 
advantages of this type of equipment. 
Does this mean that they are no longer 
recommended? The paper devotes con- 
siderable attention to rectifier-type mul- 
tiple-unit car equipment similar to that 
which has been in experimental operation on 
the Pennsylvania Railroad for more than a 
year, but it does not present any conclusions 
based on this experiment. After careful 
study we have reached the opinion that 
rectifier-type multiple-unit car equipment 
does not have enough merit to justify it asa 
new standard for application to 25-cycle 
electrifications in the United States; prob- 
ably it can be justified for single-phase 60- 
cycle electrification, but as none of these are 
in prospect in the United States, any con- 
sideration of a standard 60-cycle multiple- 
unit car equipment at this time is academic. 

If rectifier-type multiple-unit cars should 
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be specified by the operators of 25-cycle 
electrified systems, consideration should be 
given to a design based on the d-c 4-motored 
equipment, 100 of which have been placed 
in operation recently on the 600-volt third- 
rail system of the New York Central Rail- 
road. 


Truck-mounted motors of the same type 
also are used on multiple-unit cars of the 
Illinois Terminal Railroad and on rapid- 
transit cars of the New York City subways, 
so that a relatively high production of these 
motors is assured. A truck-mounted 4- 
motored rectifier car would be superior to 
the axle-hung 2-motored type advocated by 
Mr. Hutchison. 

During 1950 we made complete a-c 25- 
cycle single-phase rectifier tests on the 
General Electric type-1240 motor as used on 
the New York Central Railroad cars except 
for a minor modification of the field struc- 
ture. 

These tests were made with various 
degrees of smoothing and at voltages within 
the operating commutating limit of the 
motors, and data have been accumulated 
from which design factors necessary for the 
precise design of the main power transformer 
and smoothing reactors have been derived. 

These data have enabled us to make an 
accurate study of the weight and first cost 
of the rectifier-type multiple-unit car in 
comparison with the 4-motored a-c series- 
motor-type equipment described in Kreitler’s 
paper.* As a result of these studies, we 
have no hesitation in recommending the 
simple 4-motored a-c series-type equipment 
that we have put into service recently on 
the Pennsylvania Railroad as the standard 
for a-c 25-cycle multiple-unit cars in the 
United States. 


Four of the a-c motors, described in the 
paper by F. C. Kreitler, Jr., complete with 
gears, pinions, gear cases, and flexible coup- 
ling, weighed 11,584 pounds for one car. 
Four of the d-c motors used on the 100 new 
General Electric equipped New York Cen- 
tral Railroad cars, together with the gear 
units and the couplings, weigh a total of 
9,720 pounds for one car. The correspond- 
ing power control items on the 600-volt d-c 
New York Central Railroad cars, which 
would be included in the ‘‘600-volt d-c pack- 
age’ for a rectifier-type car, are 865 pounds 
lighter than the comparable items on the 50 
General Electric 11,000-volt 25-cycle 4- 
motored cars recently delivered to the 
Pennsylvania Railroad. The rectifiers, 
smoothing reactor, firing circuit, water- 
cooling equipment, and protective housing 
required for a 25-cycle a-c rectifier-type car 
therefore can weigh only 2,729 pounds with- 
out exceeding the weight of a straight a-c 
car. 

Our estimates show that, for 25-cycle 
multiple-unit car application, there is no 
weight saving in changing to rectifier-type 
equipment; that rectifier-type multiple- 
unit car equipment takes up considerable 
more space under a car than corresponding 
straight a-c equipment; and that it is 
questionable whether there are any poten- 
tial savings in cost. The comparison ap- 
pears to be more favorable to the rectifier- 
type equipment for higher frequency sys- 
tem application such as those being seri- 
ously considered in Europe; however, even 
in these cases it should be evaluated care- 
fully on a comparable basis with other types. 


Hutchison—Multiple- UniteCars~ 


REFERENCES 


1. A New MottreLte-Unir Moror FOR THE 
PENNSYLVANIA RAILRoap, H. G. Jungk. AJEE 
Transactions, volume 70, part I, 1951, pages 243- 
46, 


2. New A-C Muttiete-Car CONTROL FOR THE 
PENNSYLVANIA RAILROAD, S.E. Newhouse. AJEE 
Transactions, volume 70, part I, 1951, pages 645- 
47. 


3. A-C MutrtipLe-Unit Car Moror, F. C. Kreit- 
ler, Jr. AIEEE Transactions, volume 70, part I, 
1951, pages 648-51. 


H. F. Brown (New York, New Haven, and 
Hartford Railroad, New Haven, Conn.): 
This paper mentions the various systems 
currently being used in the United States for 
suburban electrifications, but it does not 
include the combination ac-de system such 
as used on the New York, New Haven, and 
Hartford Railroad, where 11-kv alternating 
current is used on the longer part of each 
run and 600-volt direct current is used to 
enter the terminal. This type of equip- 
ment has been used for the past 40 years and 
is necessarily heavy and complicated. 

The application of the ignitron rectifier to 
standard d-c equipment of this kind would 
seem to offer many advantages and possi- 
bilities in weight reduction and in further 
standardization of electric equipment for 
multiple-unit cars. It is conceivable that 
the more recently designed d-c suburban 
equipment might be used on the a-c system 
almost in its entirety, including lighting and 
air-conditioning, by the simple addition of 
the transformer and rectifier. In his dis- 
cussion of this paper Mr. MacLeod has im- 
plied that the rectifier equipment is not so 
applicable to 25-cycle systems as to the 50- 
or 60-cycle systems. It is not clear why 
this limitation should be implied in view 
the excellent performance during 1950 of the 
experimental equipment of this type, which 
has been in commercial operation on the 
Pennsylvania Railroad 11-kv 25-cycle sys- 
tem. It would seem that any new device 
such as the rectifier, which will permit of 
further standardization of railway motors, 
and control, should be given the greatest 
amount of attention in these days of rapidly 
mounting costs of both labor and material. 


W. M. Hutchison: We note that Mr. Mac- 
Leod is in complete agreement with the 
emphasis on standardization as a means of 
achieving low first cost and on simplicity of 
equipment as a means of reducing mainte- 
nance costs. As stated in our paper, the 
selection of equipment for a-c multiple-unit 
cars from the various alternatives available 
is not an exact science, but rather an oppor- 
tunity for the exercise of engineering judg- 
ment. It appears probable that the diver- 
gence in conclusions reached by Mr. Mac- 
Leod from those expressed in our paper re- 
sults either from his lack of comparative 
data, as he has implied, or from the inter- 
pretation of the information which he has 
available. 

We believe that several of the questions 
raised would have been unnecessary if the 
paper had been read more carefully. For 
example, Mr. MacLeod asks if the ‘‘casual” 
reference to progress in a-c motors and con- 
trol (which he presumes refers to the equip- 
ment discussed in the papers by H. G. Jungk 
and S. E. Newhouse) without citing the 
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advantages or disadvantages of this type of 
equipment means they are no longer recom- 
mended. In the latter portion of the paper 
we discuss the reasons for the selection of 
the type of equipment described by Mr. 
Jungk and Mr. Newhouse, the detailed ad- 
vantages of which are outlined in their 
papers (see references 1 and 2 in Mr. Mac- 
Leod’s discussion of this paper). 

It also is suggested that consideration 
should be given to truck-mounted 4-motored 
equipment for application to rectifier mul- 
tiple-unit cars. One of the advantages 
which we cited for the rectifier equipment is 
the availability of low-voltage d-c equip- 
ments “employing either two or four motors 
per car.”’ We are thoroughly familiar with 
4-motor truck-mounted equipment, since 
we pioneered in the development of high- 
speed spring-borne motors with self-con- 
tained gear units 25 years ago. We recom- 
mended this type to the New York City sub- 
ways and recently have supplied them with 
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875 equipments. The choice between two 
and four motors per car with rectifier-type 
equipment may be made by each customer, 
weighing the relative advantages for his 
particular application. 

Mr. MacLeod remarks that data have 
been accumulated during 1950 from which, 
after careful study, he has reached the 
opinion that rectifier-type multiple-unit car 
equipment does not have enough merit to 
justify it as a new standard for application 
to 25-cycle electrification in the United 
States. He also states that as a result of 
those studies, there is no hesitation in recom- 
mending the simple 4-motored a-c series- 
type equipment recently put in service on 
the Pennsylvania Railroad as the standard 
for a-c 25-cycle multiple-unit cars. 

In our paper, we reviewed the advantages 
accruing to the railroads with rectifier-type 
equipments through the use of standard d-c 
motors and control, which have been built in 
considerable quantities. The trial equip- 
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ment on the Pennsylvania Railroad was, de- 
veloped after several years of intensive 
study. 

During the whole of 1950, in parallel 
with the successful operation of this car 
in revenue service, we have continued funda- 
mental research studies in the laboratory. 
As a result of these years of study, it is our 
considered opinion that rectifier-type equip- 
ment for a-c multiple-unit cars does have 
great merit. We hope, however, we never 
reach the conclusion that any specific de- 
velopment has exhausted all the possibili- 
ties of further progress. 

We agree with Mr. H. F. Brown's sugges- 
tion that rectifier-type equipment is pecul- 
iarly fitted for application to a combination 
ac-de system, such as used on the New York, 
New Haven, and Hartford Railroad. In 
addition to the features cited by Mr. Brown, 
it has the advantage over a-c motors of pro- 
viding series-parallel operation in the d-c 
zone, 
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New A-C Multiple-Car Control for 


the Pennsylvania Railroad 


S. E. NEWHOUSE 
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HE CLASS MP54E5 multiple-unit 

cars on the Pennsylvania Railroad 
possess certain features that are not pro- 
vided on a-c multiple-unit cars previously 
placed in service on the Pennsylvania and 
other railroads. The Westinghouse Elec- 
tric Corporation has furnished the motors, 
transformer, control, and auxiliary ap- 
paratus for the 50 cars on this order. A 
number of these cars have been in service 
for several months. Figure 1 shows the 
main circuit schematic diagram. 

The two traction motors are the re- 
sistance-lead type. The motors are con- 
nected in parallel to minimize the amount 
of wheel slippage. With wet rail, it has 
been demonstrated on these cars that 
when one pair of wheels slips, the slip- 
page is for only a small fraction of a revo- 
lution. On older multiple-unit cars, the 
two motors are connected in series. When 
one pair of wheels starts to slip, the 
voltage across the motor driving them in- 
creases and the wheel slippage becomes 
progressively worse until power finally is 
removed by the slip relay. No slip relays 
are required on MP54E5 cars. 

These new '¢ars possess another ad- 
vantage. The failure of one motor on an 
old car necessitates cutting both motors 
out of circuit because they are con- 
nected in series. On the new cars, the 
motor in trouble is disconnected by open- 
ing switch M1 or M2. Only half of the 
tractive power is lost. This means less 
overload for the remaining cars in the 
train. 


Paper 51-105, recommended by the AIEE Land 
Transportation Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 22-26, 1951. Manuscript 
submitted October 24, 1950; made available for 
printing December 12, 1950. 
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A feature of these cars is that separate 
blowers are provided for ventilating each 
of the traction motors and the main 
transformer. The two traction-motor 
blowers are provided with cleaning de- 
vices toremove dirt and snow by centrifu- 
gal action, thus reducing failures from 
these sources. If the traction-motor 
ventilating air pressure is too low, a dia- 
phragm-type air relay opens the traction- 
motor switches. 

The primary winding of the askarel- 
filled transformer is connected to the 
pantograph by a high-tension cable. A 
lightning arrester located on the roof is 
connected to the pantograph. The six 
low-voltage secondary taps are located 
at one end of the transformer. They are 
protected from dirt and water by a metal 
housing. The six insulated copper straps 
connected to the taps are brought out of 
this housing through a block of insula- 
tion. Short flexible cables connect them 
to the main control box terminals, which 
are all located at one corner of the control 
box. 

On all multiple-unit cars built in the 
past, the terminals of the main control 
boxes have been brought out directly in 
back of the unit switches. While this 
simplified the construction of the box, it 
was necessary for the Pennsylvania Rail- 
road to run a number of insulated straps 
between the transformer and the control 
box. The limited working space between 
apparatus under the car made this a 
difficult construction problem. The 
Pennsylvania Railroad specified that all 
terminals connecting to the transformer 
be brought out at one corner of the main 
control box. This required six insulated 


straps running lengthwise inside the box , 


to the various switches. By careful lay- 
out work, this was accomplished without 


Newhouse—Pennsylvania Railroad Multiple-Car ‘Control 645. 


exceeding the cross section dimensions of 
the main control boxes on the old cars. 

In addition to five tap switches, the 
main control box also contains two motor 
switches and one preventive coil switch. 
All eight of these electropneumatic 
switches are identical except for the inter- 
locks. The interlocks are of the modern 
cam-type. A micarta cam attached to the 
movable portion of the switch bears 
against a steel contact finger which opens 
or closes the interlock contact. 

Figure 2 shows the main control box as 
viewed from the side of the car with 
covers removed. The 2-motor reverser, 
mounted at the right-hand end of the con- 
trol box, is the drum type. The straps 
emerging from the box above the re- 
verser are connected to traction-motor 
cables on the car. Directly below these 
straps is the shield for the six terminals 
that connect to the transformer. At the 
opposite end of the box is a compartment 
containing the sequence switch, the limit 
relay, the sequence relay panel, and the 
ground detector relay panel. These de- 
vices are mounted so as to be inspected 
and maintained easily. Figure 3 shows 
this compartment. 

The sequence switch is a positive 
notching electropneumatic device that 
opens and closes the five tap switches and 
the preventive coil switch in the desired 
order. It consists of an insulated drum 
driven by a rack and pinion under the 
action of two air cylinders. Control 
fingers ride on copper segments mounted 
on the drum. When the master con- 
troller is moved to one of its operating 
positions, the two motor switches and the 
Al switch close. The sequence switch 
“ON” magnet valve is energized. This 
admits air to the notching cylinder, which 
advances the sequence drum to Notch 1. 
Just as the drum reaches the first notch, 
the “ON” magnet valve is de-energized 
automatically. The notching cylinder 
then returns to its original position under 
the action of a spring. The sequence 
drum then is ready to take the second 
notch. It cannot advance until the con- 
tacts of the limit relay close. There area 
a total of nine notches. When the master 
controller is moved to the “OFF” posi- 
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Figure 1. 


tion, air is admitted to the return cyl- 
inder under the action of the “OFF” 
magnet valve. This causes the sequence 
drum to return to the “OFF” position. 
The limit relay is a statically balanced 
quick-acting device. It is set to give the 
desired accelerating current. The setting 
is not affected by vibration or road shock. 
The current transformer for the limit re- 
lay carries 2-motor current. If one of the 
motor overload relays, OL1 or OL2, 
operates, the corresponding motor switch, 
M1 or M2, is opened. With one motor 
cut out of circuit, a resistor normally in 
parallel with the limit relay is discon- 
nected automatically. Because the im- 
pedance of the relay and the resistor are 
equal the accelerating current for the 
motor in circuit remains the same as it 
was when both motors were operating. 
The accelerating tractive effort for the 
car is half the normal tractive effort. An 
overload-indicating light in the auxiliary 
and protective control box and another 
inside the car give a warning when one of 
the motor overload relays has operated. 
The three relays on the sequence relay 
panel are the low-energy type. They re- 
quire only one-third the operating current 
of a reverser or switch magnet valve. 
They are connected to the following 
train-line wires: forward, reverse, and the 
wire that feeds the tap switches and 
preventive coil switch. When energized 
by the train-line wire, the sequence relay 
connects the proper magnet valve to the 
car battery. Occasionally it has been 
found impossible to operate the rear cars 
on a long train of older multiple-unit cars 
because of excessive voltage drop in the 
above-mentioned train-line wires. This 
trouble will not occur on a long train of 
MP54E5 cars. A mixed train of old and 
new cars will benefit from the reduced 


646 


| REVERSER 


MP54E5 multiple-unit car main circuit schematic diagram 
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Figure 3. 


train-line load of the new _ cars. 

The ground detector relay panel is an- 
other feature of the new cars. It con- 
sists of an a-c relay, GR, and a d-c relay, 
G. As shown in Figure 1, GRis connected 
to the midpoint of a small autotrans- 
former and to ground through the “OUT” 
contacts of relay G. If a ground occurs in 
any of the secondary circuits, GR will 
operate. This causes G to close, which 
breaks the ground connection to GR. The 
intentional ground thus is removed and 
GR opens. G holds itself closed and 
lights a ground-indicating light in the 
auxiliary and protective control box and 
one inside of the car. The first ground 
does no harm. The car is permitted to 
continue in service. The Pennsylvania 
Railroad personnel are instructed to send 
the car to the repair shop as soon as pos- 
sible so that the ground may be located 
and removed. 

In addition to some auxiliary con- 
tactors, circuit breakers, and relays, the 
auxiliary and protective control box con- 
tains the transformer thermal auxiliary 
relay. A thermostat is immersed in the 
askarel in the main transformer. When 


Figure 2. 


End view of MP54E5 multip!e-unit car main control box 


the temperature reaches 90 degrees centi- 
grade, the thermostat contacts close and 
energize the thermal auxiliary relay. The 
closing of this relay opens the traction- 
motor switches. A target attached to the 
relay shows through a small glass window 
in the box and indicates that the relay has 
operated. 

Additional transformer protection is 
provided by three transformer tap-over- 
load relays, OL3, OL4, and OL5, a panto- 
graph lowering relay, PL, and a thermal 
relay in series with PL. All these are 
shown in Figure 1. If an overload of large 
magnitude occurs, the PL relay operates 
and energizes the magnet valve that ad- 
mits air to the pantograph ground switch. 
The resulting high trolley current trips 
the substation circuit breaker and clears 
the line. When power is removed, the 
PL relay goes to the position that ener- 
gizes the ‘“Pantograph Down” magnet 
valve. This lowers the pantograph on the 
car that is in trouble. The PL relay 
latches itself in this position. The oper- 
ator cannot raise the pantograph. An 
overload below the PL-relay setting, but 
high enough to damage the main trans- 


Front view of MP54E5 multiple-unit car main control box 


Newhouse—Pénnsylvania Railroad M ultiple-Car Control 


former if it persists too long, causes the 
thermal relay to operate. This energizes 
the magnet valve that admits air to the 
pantograph ground switch. As shown in 
Figure 1, the ground switch current passes 
through the current transformer sup- 
plying the PL relay. Being a very high- 
speed device, the PL relay operates before 
the substation circuit breaker clears the 
line. When power is removed, the panto- 
graph is lowered by the PL relay. 

If a short circuit occurs across half of 


the transformer secondary winding or the 
full secondary winding, the resulting 
primary current will cause the thermal 
relay to operate. If the short circuit 
occurs across certain low-voltage sections, 
the resulting primary current will not be 
high enough to operate the thermal relay. 
This is the reason for overload relays 
OL3, OL4, and OL5. They are located in- 
side the transformer low-voltage ter- 
minal housing. The closing of one of 
these relays energizes the magnet valve 


that admits air to the pantograph ground 
switch. The sequence of operation is the 
same as described previously for the 
thermal relay. 

The 9-notch control scheme utilizing 
transformer taps, a preventive coil, and a 
sequence switch is the same as that which 
has proved successful in 18 years of service 
on the Class-MP54E3 cars. To this, the 
new MP54E5 cars add the great advan- 
tage of parallel motors and the numerous 
protective features described in this paper. 


Discussion 


H. S. Ogden (General Electric Company, 
Erie, Pa.): The author is to be compli- 
mented on this paper which brings us up to 
date on the latest control schemes manu- 
factured by the Westinghouse Electric Cor- 
poration for their standard a-c multiple-unit 
cat equipments. It is appreciated that the 
development of the control system herewith 
described has been subordinated to the ef- 
forts which the Westinghouse Company has 
recently put into the development of their 
rectifier-equipped multiple-unit car. 

The paper describes the use of parallel 
connected traction motors and the benefits 
to be derived from this connection are sub- 
stantial when the cars are operated at or 
near the slipping point of the wheels. There 
are other more or less equivalent connec- 
tions which will develop the beneficial fea- 
tures of the straight parallel connection 
without some of the complications. For 
instance, in a ‘‘4-motor equipment”’ where 
adhesion is a factor, the traction motors may 
be connected two in series and two groups in 
parallel and the mid-point of each of the two 
groups connected together by a power bus. 
Such a connection would provide the ad- 
vantages of relatively low transformer cur- 
rents at a higher voltage. The advantages 
of such a circuit are increased with the in- 
crease in number of the motor circuits. 

Although the complications of running 
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the power bus bars longitudinally through 
the main control group as described in the 
paper complicate the manufacturer’s job in 
the design and construction of the group, 
the advantages of such an arrangement are 
considerable when it comes to putting in the 
power leads on the car. Such an arrange- 
ment is well worth the additional effort 
which it takes. 

When reading the paper, a number of 
questions occur concerning the details of the 
equipment. For instance, there was men- 
tion of operating the car with traction 
motors cut out, presumably by means of the 
overload relay. Is this manual, in addition 
to the automatic means provided by the 
overload relay? 

The paper also mentions the use of low 
energy relays for the purpose of insuring 
successful operation of long trains of these 
multiple-unit cars. It would be interesting 
to have the author’s definition of ‘“‘long’’ so 
that we might know how many cars it would 
be possible to operate together. 

We notice the omission of car performance 
curves and feel that considerable benefit 
would be derived had such information been 
included in the paper; particularly a com- 
parison between this equipment and that in 
service on the Class-WP54E3 cars men- 
tioned in the last paragraph of the paper. 
We believe that the resistance lead traction 
motor with which the control under dis- 
cussion is operating would have a rather 
poor power factor due to the omission of the 
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compensating winding and it would be in- 
teresting to see the effect this has on car 
characteristics, particularly operating power 
factors. This 2-motor equipment will be 
deficient if dynamic braking is ever added 
to these cars. 


S. E. Newhouse: Mr. Ogden’s interest in 
my paper is appreciated. In answer to his 
first question, either of the traction motors 
may be cut out of circuit by closing the cor- 
responding motor overload relay by hand. 
This opens the motor switch. The motor 
overload relay will latch itself in the closed 
position. When the reset coil is energized, 
the latch is released and the overload relay 
returns to its open position. 

The definition of “long” train, as applied 
to the Pennsylvania Railroad, is a multiple- 
unit train of 10 to 14 cars. The three low 
energy relays insure more reliable operation 
of long trains. 

A car performance curve would have been 
a desirable addition to my paper. The first 
notch on the MP54E5 car provides 3,200 
pounds tractive effort at standstill. The 
next two notches are also “build-up” 
notches. The limit relay is set to give 7,000 
pounds average accelerating tractive effort. 
The peak swing of tractive effort is 7,900 
pounds. 

This 2-motor equipment has not been 
designed for future conversion to dynamic 
braking. 
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Synopsis: A major factor in the develop- 
ment of the 4-motor equipment for use on 
a-c multiple-unit cars was the design of a 
suitable truck-mounted traction motor. 
Numerous electrical and mechanical prob- 
lems had to be solved. ‘The resultant de- 
sign differs radically from the conventional 
axle-hung motor employed in such applica- 
tions for the past 20 years. Preliminary 
operating experience indicates advantages 
comparable to those being realized with 
similar d-c equipment. 


S SET forth in a companion paper 
by R, A. Williamson,! there is a 
marked trend toward motorizing all 
axles with flexibly mounted motors for 
multiple-unit car service. Heretofore, 
especially with single-phase power supply, 
only a fraction of the axles have been 
driven, and hence motor units have been 
of larger size. The new motor is a small, 
truck-mounted, low-cost design, of high 
quality, which should result in low main- 
tenance costs and high reliability. 

The motor is a 6-pole 25-cycle, single- 
commutator, series-type with 
commutating poles and pole face wind- 
ings. 

The operating speed is 
3,900 rpm, corresponding to a road speed 
of 90 miles per hour. The weight com- 
plete with the mounting bracket is 2,000 
pounds, 


phase, 


maximum 


Design Features 


The electrical constants are, in general, 
similar to those of modern a-c traction 
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motors now in operation.? Chiefly be- 
cause of the smaller size of this unit, there 
are numerous mechanical departures from 
existing designs. 

The commutator is 93/, inches in diam- 
eter, so that at the maximum operating 
speed its peripheral speed is 10,000 feet 
per minute. For the past two decades the 
practice for a-c series motors has been to 
use spring ring commutators with the 
copper segments V-bound. Recent de- 
velopments have shown that arch-bound 
commutators are superior to the V-bound 
type. 

This commutator is of the arch- 
bound type using the simple, inexpensive, 
yet effective ring-nut construction that 
has been employed in d-c motors of 
similar size for years. The commutator 
has been proportioned so that the stresses 
are lower than those in most existing a-c 
commutator motors. 

The armature core is 14 inches in diam- 
eter and has open slots. This makes 
possible the single-piece coil construction 
using preinsulated wire and permitting 
complete insulation of the polycoil before 
assembly, The armature of this new a-c 
motor, shown in Figure 1, thus is very 
similar to those of d-c motors used with 4- 
motor equipments in service on 600-volt 


Figure 1. A-c trac- 

tion-motor armature 

showing  cartridge- 

type bearing assem- 

bly on commutator 

end and fan on drive 
end 
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d-c subway cars and on railroad multiple- 
unit cars.% 

The armature complete with fan weighs 
680 pounds. It is mounted on a 60- 
millimeter ball bearing at the commutator 
end and a 70-millimeter roller bearing at 
the drive end. The commutator-end 
bearing is enclosed in a cartridge, as 
shown in Figure 1, so that the armature 
can be removed from the frame without 
disturbing the bearing. It should be 
noted that these bearings carry very little 
load other than the weight of the arma- 
ture, since the gear reaction is taken by 
the bearings in the gear unit. 

The stator windings are fairly conven- 
tional, as indicated by Figure 2. Pre- 
insulated conductors are used throughout 
and, since the compensating slots have no 
overhanging tooth tips, the compensating 
coils are completely insulated before as- 
sembly. The fact that there is con- 
siderably more room around the stator- 
end windings than in larger machines 
makes the winding job easier. 

One of the major problems with a-c 
traction motors has been brush accessi- 
bility. 

Inspection is simplified in the case 
of this design, as the motor is small and 
has relatively few poles and brushes. 
Fixed brush-holder supports are used. 
The support blocks are mounted on three 
frame anns, as shown in Figure 2. The 
brush holders are accessible through the 
large openings between the frame arms, 
four from directly below the motor and 
two from above. 
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Ventilation 


The motor is self-ventilated by means 
of a cast aluminum fan (see Figure 1) 
that is bolted to the drive-end armature 
head. Earlier a-c traction motors, prin- 
cipally because of space limitations, were 
blown from an external source through a 
system of ducts. This small, high-speed 
motor is adaptable to self-ventilation in 
the same manner as d-c motors of similar 
size in use on subway cars and small 
locomotives. The principal advantage of 
self-ventilation is the elimination of ex- 
pensive blowers and ductwork, with 
greatly improved accessibility for brush 
and commutator inspection and main- 
tenance. 

The ventilating air is taken in through 
commutator covers, which are built as a 
series of baffles (see Figure 3). These 
baffles act to turn the air as it enters the 
motor and cause any included dirt to be 
deflected, The outer baffle prevents the 
direct entrance of water or snow into the 
motor and, on the bottom cover in par- 
ticular, also acts as a plow to keep snow 
from packing into the commutator 
chamber. The inner baffle keeps any- 
thing that might get through the other 


Figure 3. Complete a-c traction motor showing 
air-intake baffles 
mounting bracket, 


on commutator 


and rubber 


covers, 
supports 


Figure 2 (left), 
A-c traction- 
motor stator with 


brush holders in 
place 


Figure 4. Gear reduction unit for use with a-c trunk-mounted motor 


1, Suspension unit; 2, High-speed pinion; 3, Gear box; 4, Bearing housing; 
5, Ground brush holder; 6, Axle housing 


baffles from striking the commutator. 
Dirt-separating tests show this cover to be 
very effective in keeping dirt out of the 
motor. 

Air is discharged at the fan end. The 
arms over the air outlet are skewed and 
have rounded edges to keep noise at a 
minimum. A small-diameter rod is 
welded over the air outlet to prevent fly- 
ing ballast from damaging the fan. The 
top portion of the air outlet is covered 
completely to prevent melting snow or 
water from running into the motor and 
freezing during long layovers. 


Mounting 


A major problem in 25-cycle single- 
phase traction-motor design has been the 
isolation of the 50-cycle torque pulsations 
generated in the motor from the axle, 
truck, and car body. One reason for this 
isolation is to keep shaft torsional stresses 


and gear-tooth pressures low. Another - 


reason is to reduce noise in the car. The 
method of mounting and the rubber-sup- 
ported members of the new motor have 
been effective in achieving this. 

One of the advantages of the truck- 
mounted motor is the simplicity of the 
mounting. The motor is supported by, 
and overhung from, the truck transom 
with a key and five bolts. To remove a 
motor, with the truck out from under the 


car, it is necessary merely to unbolt the 
coupling, remove the five bolts holding 
the motor to the transom, and lift the 
motor out of the truck. This method was 
developed for d-c subway-car motors.* 
A similar mounting is used for the a-c 
motor, with the addition of rubber in 
certain locations in the system to obtain 
the necessary torsional isolation. 

The first sample equipment was built 
with the motor mounted on cylindrical 
rubber bushings, which were clamped in a 
vertical position at the center line of the 
motor. Two bushings rested on the truck 
transom and a third was on an arm that 
reached over the axle and rested on a 
transverse truck member. This mounting 
was abandoned, however, because the 
transverse truck member complicated the 
truck and interfered with brush accessi- 
bility. 

The next step was to try to duplicate 
more closely the d-c motor transom 
mounting. This was accomplished by 
building an intermediate bracket which 
fastened to the truck by means of a key. 
This bracket located the motor longi- 
tudinally from the axle and has three 
vertical bolts through the key to hold the 
motor down and two horizontal bolts at 
the bottom to keep the motor from swing- 
ing. Cylindrical rubber bushings are 
located between the motor and the mount- 
ing bracket, as shown in Figure 3. The 
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Figure 5 (right). Torsio- 

graph showing 50-cycle 

pulsations at 1,320 rpm, 
full load 
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bracket is attached to the motor on the 
bench, and the assembly is put in the 
trucks as a unit. Four bushings are used, 
placed so that their shear axis is tangential 
to the motor frame. Two bushings are 
approximately 45 degrees above the 
horizontal center line and two 45 degrees 
below. The upper pair of bushings is 
spaced as far apart as possible, while the 
lower pair is close together, thus effecting 
a 3-point mounting. This positioning of 
the rubber has the advantage of having 
the rubber soft in the tangential direction 
and stiff in the vertical direction. As a 
result, about 93 per cent torsional isola- 
tion is realized, and only 7 per cent of the 
50-cycle torque pulsation is transmitted 
to the truck; yet the deflection at the 
center of the motor, caused by its weight, 
is less than 1/32 inch. 


Gear Unit 


The motor drives the axle through a 
separate gear reduction unit, shown in 
Figure 4, with a flexible coupling between 
the motor and gear unit. Helical gearing 
is used to reduce gear noise to a mini- 
mum. The pinion is carried on tapered 
roller bearings and the gear unit is 
mounted on the axle with tapered roller 
bearings to take the thrust of the helical 
gearing. The gear unit is oil-tight and 
the gears and bearings are lubricated with 
oil. 

These gear units are practically iden- 
tical with those now in service on d-c 
4-motor car equipments. 


” 
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Figure 6 (left). Exploded view of flexible coupling 


Coupling 


With the motor frame mounted flex- 
ibly, the armature still delivers 50-cycle 
pulsating torque. Figure 5 shows a tor- 
siograph of the armature with the frame 
mounted on rubber. The 50-cycle torque 
pulsation is very pronounced. Past 
practice has been to try to isolate these 
torque pulsations from the axle by means 
of spring gears. The spring gear usually 
was designed so that the gear rim did not 
deflect until a fairly high torque was ap- 
plied, so that there was no isolation at low 
loads. These gears had flat or coil springs 
and sliding metal surfaces to locate the 
gear rim, which made for high mainte- 
nance costs. The presence of high friction 
in the spring drive was undesirable be- 
cause it helped to transmit the torque 
pulsations. 

The truck-mounted motor requires a 
flexible coupling between the motor and 
gear unit to take care of truck spring de- 
flections. This becomes a convenient 
place to include a torsionally flexible 
member, especially as the torque of the 
motor shaft is low compared to the axle. 
Because of this low torque, rubber can be 
used to provide the necessary torsional 
flexibility, with low stress in the rubber. 

The rubber is put into the coupling as a 
cylindrical ring surrounding the internal 
gear of a spherical gear-type coupling and 
is attached to an outer sleeve. Figure 6 
shows details of this coupling. A “‘fail- 
safe’’ device is built into the coupling by 
putting jaws on the internal gears at the 


1, End cap assembly (gear unit end); 2, Pinion; 3, 
Centering spring; 
Mechanical jaws; 6, Alignment pin; 
assembly; 8, Internal ring gear; 9, Centering spring; 

10, Pinion; 


4, Female sleeve assembly; 5, 
7, Male sleeve 


11, End cap assembly (motor end) 


center of the coupling. These will drive 
if the rubber should fail. The jaws dre 
placed so they will make contact at about 
four times normal accelerating torque and 
prevent damage in case of accident. 

A torsional isolation of 95 per cent is 
desirable. Torsiograph tests on the first 
coupling built showed that the rubber was 
too stiff to give the desired isolation. The 
rubber compound was made softer and the 
desired torsional isolation was obtained. 


Conclusions 


A small, high-speed, 25-cycle com- 
mutator motor has been developed for 4- 
motor a-c multiple-unit cars. The motor 
is much simpler and less costly than 
previous a-c traction motors. Its main- 
tenance costs are expected to be low, on 
the basis of experience with similar d-c 
motors currently in service. The motor is 
truck-mounted and can be removed 
easily. Self-ventilation simplifies car 
construction by eliminating blowers and 
ducts. 

Isolation of the motor from the 
truck and axle by rubber assures that the 
passengers will get a smoother, quieter 
ride than ever before experienced on an 
a-c multiple-unit car in the United States. 
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Discussion 


W. S. H. Hamilton (New York Central Sys- 
tem, New York, N.Y.): This discussion, 
while relating specifically to this paper, re- 
lates even more to the remarks made by Mr. 
D. R. MacLeod relative to the papers by 
W. M. Hutchison! and H. D. Jungk.2 As 
I understand it, Mr. MacLeod still believes 
in recommending any and all designs of 25- 
cycle a-c commutator motors for use on 25- 
cycle a-c multiple-unit cars, although he 
admits that for a 60-cycle system the equip- 
ment would have to be d-c motors with 
ignitron rectifier equipment as now in 
operation on the Pennsylvania Railroad on a 
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multiple-unit car, and soon to be supplied 
on some locomotives now being built for the 
Pennsylvania Railroad. 

If there ever was a time when standardiza- 
tion of equipment for electrification was 
necessary, it is now, in these days of rising 
costs of materials, labor, and so forth. If 
the General Electric type-1240 motor and 
its Westinghouse counterpart, which are al- 
ready in use on 600-volt d-c systems, are 
anywhere near as good as is claimed for 
them, then in my opinion they should be 
adopted for these multiple-unit car equip- 
ments, together with the ignitron rectifier, 
for both 25- and 60-cycle multiple-unit car 
equipments. This will give us one standard 
form of traction motor and will enable us to 
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benefit by the reduced cost obtainable by 
production in larger quantities. While I 
am not in possession of the costs covering 
the ignitron rectifier and its associated equip- 
ment for use on 25-cycle a-c multiple-unit 
cars, it seems to me that by using a standard 
d-c traction motor with its known lower 
maintenance and higher reliability, the cost 
of maintenance and the initial cost of the 
ignitron rectifier equipment will be more 
than offset. 

Furthermore, and what is most impor- 
tant, railroad managements would not then 
be confronted with conflicting claims from 
the two major electrical manufacturing com- 
panies, each recommending a different solu- 
tion for the problem. While railroads that 
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Loa have long been electrified may understand 
thoroughly the problems and the reasoning 
_ behind these conflicting solutions, such an 

attitude is most discouraging to those of us 

who are trying to secure a standard system 
__ of electrification that can be recommended 
_ for future electrifications. 


_. With all due respect for the various au- 
thors a group of papers of which this is 
one, and\for the ingenuity with which they 
have carried out their different motor de- 
signs, I still think that it would have been 
best in the broadest interest of all con- 
cerned, if d-c motors and ignitron rectifiers 
had been used instead. Furthermore, I 
believe that similar problems in the future 
should be solved in this manner for both 
25-cycle and 60-cycle systems. 


fae 
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F. C. Kreitler, Jr.: We are in complete 
agreement with the sentiments expressed by 
Mr. Hamilton regarding the desirability of 
having one standard equipment for all mul- 
tiple-unit cars in the United States. Mr. 
MacLeod’s discussion, to which Mr. Hamil- 
ton refers, is in agreement with his thought 
that the 4-motored equipment, consisting 
of General Electric type-1240 motors and 
cam-operated resistance control, should be 
used for a-c rectifier-type cars. 

The New York Central Railroad cars do 
not have dynamic braking, but the cars of 
the Board of Transportation of the City of 
New York are equipped with General Elec- 
tric type-1240 motors and have dynamic 
braking. Therefore, there is available a 
fully developed d-c system on which a single- 
phase rectifier and transformer may be 
superposed to produce a 25-cycle 11,000-volt 
equipment for motor cars with, and without, 
dynamic braking. 

Mr. Hamilton assumes that the perform- 
ance of a d-c traction motor operating on 
rectified single-phase alternating current is 
the same as a motor on direct current. It is 
not economical to put enough reactance in a 
traction motor circuit to reduce the ripple 
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current to a negligible value. As a result, 
there is a pulsating component of current 
tending to cause sparking at the brushes. 
Also, the double frequency component of 
field flux will produce transformed volts at 
the brushes, as in an a-c motor. 

Practical considerations determine that 
commutation of a d-c traction motor on a 
single-phase rectifier power supply will be 
approximately equal to that of an a-c series 
motor. 

The modern a-c series motor is satis- 
factory in this respect, and the rectified 
d-c motor, adjusted to the same standard of 
commutation, should be equally satisfac- 
tory if the rms currents in the windings are 
kept within acceptable limits. ‘ 

We are very interested in the single-phase 
rectifier for traction because of the possible 
opportunity for standardizing. This is a 
very attractive prospect. However, the 
manufacturer does not control this situation 
entirely, but must be influenced to the extent 
that his customers demand equipments 
that best serve their particular interests. 
Whether the single-phase rectifier is the 
answer for a-c electric multiple-unit cars, 
only time will tell, 
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~ A-C Multiple-Unit Car Control 
Equipment 


W. S. O'KELLY 


NONMEMBER AIEE 


Synopsis: Recent years have witnessed a 
growing demand for improvements in a-c 
multiple-unit car equipments. This paper, 
together with three companion papers,!*:* 
deals with principal objectives of the im- 
provement program and shows how they 
were attained in new equipments now going 
into revenue service on a large eastern rail- 
road. The principal improvements center 
in the use of four newly designed traction 
motors per car, instead of the usual two, 
and a resistance acceleration scheme con- 
taining a new motor-driven cam controller. 
Improvements also were made in protective 
schemes and in arrangement of apparatus. 
Dynamic braking, now being worked out as 
a next logical development step for a-c 
cars, also is discussed briefly. 


OR THE past 22 years the design of 

a-c multiple-unit cars has followed the 
general pattern that was established with 
the introduction of the axle-hung, low- 
flux series motor and preventive coil con- 
trol. Recent years have witnessed a 
growing demand for improvements. 

A new propulsion system of superior 
performance, increased reliability, and 
relatively low first cost, combined with 
low maintenance cost and great rider ap- 
peal, has been developed for a-c multiple- 
unit cars. Two new apparatus develop- 
ments have made this possible. The 
first is a high-speed, self-ventilated, cush- 
ioned, truck-mounted traction motor driv- 
ing the axle through flexible couplings. 
This is described in the companion 


Paper 51-107, recommended by the AIEE Land 
Transportation Committee and approved by the 
AIEE Technical Program Committee for presenta- 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 22-26, 1951, 
submitted October 16, 1950; 
printing December 12, 1950, 
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paper by Mr. F. C. Kreitler, Jr.2 The 
second is a motor-driven, cam-type 
controller used in conjunction with a 2- 
voltage resistance acceleration scheme 
described in this paper. In the companion 
paper by Mr. R. A. Williamson,’ the 
principal objectives for which this new 
equipment was designed are discussed, 
In the present paper, these objectives are 
amplified from the point of view of the 
design engineer, and a description is given 
of the control system and some of the 
component apparatus devised to achieve 
them. 


Background Problems 


An examination of the existing 2-motor 
equipments serves to reveal’ four major 
features where experience has shown im- 
provement to be desirable. 

First, the fundamental difficulty with 
such equipments is that they operate at 
relatively high wheel-to-rail adhesion. 
This is particularly true when a trail car 
is also involved. Consequently, the 
equipment is liable to damage and delay 
resulting from slipping. 

Second, in order to obtain sufficiently 
small increments of accelerating tractive 
effort for optimum performance, a rela- 
tively large number of transformer ter- 
minals and tap switches are needed. For a 
given number of acceleration steps, the 
tap switch and preventive coil scheme is 
inherently heavy, complex, because of 
elaborate electrical sequence interlocking, 
and relatively expensive, both in first cost 
and in maintenance cost. 

Third, a scrutiny of the protection used 
revealed schemes ranging from practically 
no protection for the equipment to very 
elaborate systems and devices. An ob- 
jective of the new control is to furnish the 
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optimum practical degree of protection 
with the least complication. 

Fourth, the arrangement of apparatus 
offered opportunities for providing in- 
creased accessibility, greater compactness, 
and improved appearance, 

For future development, the problem 
of reduction of brake shoe and wheel wear 
is important. To date no domestic a-c 
multiple-unit car has been equipped with 
dynamic braking. Although dynamic 
braking is not included in the equipment 
described herein, an adaptation of this 
equipment to include it is currently under 
development. 


Objectives 


The principal objective of this develop- 
ment has been to answer the challenge to 
“Do something about” these difficulties, 
Analyzed in detail this meant: Design 
and build a-c multiple-unit car electric 
equipments which; 


1. Will multiple with existing equipment. 


2. Will operate at much lower maximum 
adhesion. 


3. Have lower first cost and weight, lower 
maintenance cost, greater reliability, and 
smoother riding and accelerating qualities. 


4. Offer optimum protection of persons and 
equipment with least complication, 


5. Have improved arrangements of appara- 
tus with emphasis on accessibility and 
appearance, 


6. Will be adaptable for future dynamic 
braking with minimum of change. 


Solutions 


General. The prime requisite of the de- 
velopment, regardless of any improve- 
ments made in the design either of the 
motors or of the control equipment, is that 
new cars must be able to operate in mul- 
tiple with existing ones. Hence, the 
traction-motor speed-tractive effort char- 
acteristics were preordained within limits. 
Likewise, the master controller and con- 
trol train-wire circuits were not amen- 
able to change. This requirement posed 
some interesting circuit problems in con- 
nection with the radically different ac- 
celeration scheme to be deseribed in 
following paragraphs. - 
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PANTOGRAPH 
KV. 25 


ACCEL. 
RESISTOR 


o> 


TO 
AUXILIARY 
BREAKERS 


Adhesion. 
operating a given weight of car at lower 
maximum adhesion per axle is to use more 
driven axles with the same total car trac- 
tive effort. The 4-motor equipment here 
described uses a permanent series-paral- 


Obviously, the answer to 


lel connection as shown in Figure 1. This 
gives added insurance against slipping 
damage and also serves to hold total 
secondary voltage and current within 
practical limits. Moreover, it is well 
suited for the addition of dynamic braking 
at a future date. 


Costs and Performance. In order to 
achieve lower costs and weight,? while 
providing improved reliability and 
smoother riding and accelerating quali- 
ties, it was apparent from the first that a 
bold departure from existing practice 
would be needed. The traction-motor 
and truck design described by Mr. 
Kreitler? play a most important role in 
achieving these ends. From a control 
standpoint, the accelerating schemes pre- 
viously used were discarded and a fresh 
start was made. The scheme selected 
centers in a 2'voltage resistance accelera- 
tion system shown in Figure 1, modulated 
by a new motor-driven cam controller 
illustrated in Figure 2. 

This system offers the following ad- 
vantages: 


1. Arelatively small, compact unit replaces 
all but two of the electropneumatic tap 
switches. 


2. Positive mechanical interlocking of the 
sequence improves reliability and reduces 
risk of damage from malfunctioning. 


3. Two items of control maintenance are 
reduced because the controller contacts do 
not-interrupt current, and there is no pre- 
ventive coil (an item which requires periodic 
cleaning, dipping, and baking, and occasion- 
ally has been a source of damage when the 
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Figure 1 (left). 
Schematic diagram 
of main circuits 
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Figure 2 (right). A, 
Main control group 
arranged for undercar 
mounting; B, Cam 
controller showing 
current-carrying con- 
tacts on left and & 
cam-operated inter- 
lock circuits on right - 


cooling air supply failed). It should be 
noted that the accelerating resistor supplied 
on the new equipment is unblown. 


Main Circuit Connections. Single-phase 
power at 11 kv 25 cycles is provided be- 
tween an overhead contact wire and the 
rails. Itis transformed to low voltage and 
utilized by the traction motors through a 
modulated accelerating resistor and one 
transformer tap change. Referring to 
Figure 1, the paths of current flow may be 
traced as follows: 

A pantograph collects one side of the 
single-phase power from the overhead 
contact wire. Directly connected to the 
pantograph are a thyrite lightning ar- 
rester and a grounding switch contact 
plate, both mounted on the car roof. The 
feeder cable passes from the pantograph 
through the window of a roof-mounted 
outdoor-type current transformer, and 
thence to the high-voltage bushing of the 
askarel-filled main transformer, which is 
hung under the center sill of the car. The 
ground bushing of the primary winding is 
connected to the transformer tank, which 
in turn is grounded to the car body. Four 
sets of cables connected to axle ground 
brushes carry primary current from the 
car body to the axles, acting as shunts 
around the rubber motor mountings, the 


_ flexible couplings, and the roller bear- 


ings. 

The secondary winding of the trans- 
former has just three terminals (M/, A11/, 
and A2/, in Figure 1) located in a housing 
at one end of the transformer case. Con- 
nected to each of these terminals are two 
bus leads, a main and an auxiliary. They 
emerge from the housing as bus-bar ter- 
minals to which, on one side, the main 
control group is connected by cables and, 
on the other side, the auxiliary equipment 
is connected. The auxiliary fuses shown 


¢ 


in Figure 1 also are in the transformer 
terminal housing. 


Lead M (0 volt), after entering the 
main control group, passes through a cur- 
rent transformer and connects to the 
blowout sides of two electropneumatic 
contactors, M1 and M2, which are the mo- 
tor line switches. Lead All (240 volts), 
after entering the main control group, con- 
nects to tap switch AZ. Similarly, lead 
A21 (885 volts) connects to tap switch 
A2, 


Car Operation. The equipment is ar- 
ranged for double-end multiple-unit oper- 
ation, with 36-volt nominal d-c control. 
The 2-voltage resistance scheme is ar- 
ranged to produce automatic acceleration 
of the car from 0 to 30 miles per hour 
(mph) at an average rate of one mile per 
hour per second in 11 steps, total. From 
30 to 85 mph, the car accelerates along the 
385-volt motor characteristic curve as 
shown in Figure 5. The 240-volt tap pro- 
vides a running step starting at a much 
lower speed; about 12 mph. This trans- 
former tap-changing feature (a) halves the 
resistor losses, (b) reduces the number of 
controller contacts and resistor leads, (c) 
is accomplished with something less than 
the average accelerating tractive effort 
increment, and (d) limits the current 
surge at the tap switches to roughly one- 
eighth the amount handled in the pre- 
ventive coil scheme. Provision is made 
to stop on any intermediate step. The 
control will not ‘back down,” that is, 
under load, it can only advance. 

The first running position of the master 
controller provides for short movements 
of the car with full resistance on the low- 
voltage tap. When the master controller 
is placed in this position, the sequence 
relays close M1, M2, and Al (Figure 1). 
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Figure 3. Development of master controller 


drum, and switch sequence table 


Figure 4. Diagrammatic sketch of electric 
notching system for controller 


A, CL relay dropped out, initiating a notch; 
B, Contacts closed, picking up CL relay; C, 
Completion of notch, pilot motor braking 
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Current flows from the 240-volt trans- 
former tap through the entire accelerating 
resistor (A to F), thence through cam 
controller contact number 1, through the 
motor circuit overload relays, then to the 
motors, and returns through M. Note 
that the cam controller has not moved. 

The second master controller position 
provides acceleration up to and including 
the 240-volt running step. The operator 
places the master controller in this posi- 
tion (Figure 3), and the cam controller 
advances one step at a time under con- 
trol of the current limit relay until contact 
number 6 is closed, short-circuiting all the 
resistor sections. The car then will con- 
tinue to accelerate along the 240-volt 
characteristic curve (number 6, Figure 
5). 

The third master controller position 
provides for acceleration up to and in- 
cluding the full voltage curve. When 
the master controller has been or is sub- 
sequently placed in this step (Figure 3), 
the cam controller will continue on to end 
position 7 which, in sequence: (a) opens 
contact 5 (Figure 1); (b) causes A2 to 
close; (c) causes Al to open; (d) thus 
places sections A through E of the ac- 
celerating resistor again in series with the 
motors now connected to the 385-volt 
tap; and (e) reverses the direction of con- 
troller rotation so that it will take steps 
(still under control of the limit relay), 
until contacts 2 and 1 are closed in step 
number 11. The car then can accelerate 
along curve 11 (Figure 5) until a balancing 
speed of about 85 mph is reached. 

Whenever the master controller is shut 
off, the tap switch (whichever is closed) 
and the two line switches open first. Only 
after this will the cam controller resume 
the first position, in which only contact 
number 1 is closed. Should the master 
controller be returned to its first run 
position while the cam controller is in pro- 
cess of advancing, the cam controller will 
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stop immediately in whatever step posi- 
tion it is then in or moving toward and 
will remain there until the operator either 
advances or shuts off the master con- 
troller. 

Once the line and tap switches are 
open, they cannot reclose until the cam 
controller has returned to the first posi- 
tion. Hence, sudden application or re- 
application of excessive motor voltage is 
precluded, even in the event of a jammed 
controller, because the car automatically 
becomes inoperative following the first 
shut-off after such an occurrence, and re- 
mains so until the trouble is corrected. 
Along these same lines, the control re- 
laying and electrical interlocking used in 
signaling the various operations of the 
power devices were designed to guard 
against or minimize damage resulting 
from every malfunction, either foresee- 
able in design or developed in test. Asan 
example, assume that tap switch Al 
(Figure 1) welds or jams in the closed 
position, During the sequence A2 would 
close in step 7, as shown in Figure 3. The . 
controller then is constrained to stop and, 
after a short time-delay, M1, M2, and A2 
open before the resistor can overheat. 
The controller is held in this step and 
cannot return to the first position until 
Al is cleared. The car thus is rendered 
inoperative under this condition. Like- 
wise, should A2 become jammed closed, 
the controller cannot return to the first 
position, and the car becomes inoperative 
after the first shut-off by the operator. 


Cam Controller. This controller, 
shown in Figure 2, is the heart of the new 
system. It is unique in that the cam- 
closing torque peaks of the mechanism are 
reduced to practical values by the use of 
both opening and closing cams and over- 
lapped contacts. It represents the first 
time that a compact direct-operating 
power controller, with a capacity of 1,350 
amperes, continuous and driven by a 
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small d-c motor, has been developed for 
this type of application. Figure 4 illus- 
trates the principle of its operation. 
The starwheel and follower shown do not 
constitute a mechanical stop, merely a 
signaling device. Short-circuiting of the 
motor armature stops the controller. 
Whenever the current limit relay drops 
out, the motor will run, unless specific 
pilot circuits are de-energized. When the 
limit relay picks up, either from driving 
motor or control circuit voltage appearing 
on the d-c lift coil, or from the presence of 
current in the a-c motor element, or both, 
the controller stops. Controller motor 
armature voltage appearing at the cur- 
rent limit relay lift coil through the ad- 
justable series resistor causes the con- 
troller to take one step at a time regard- 
less of the presence or absence of alter- 
nating current in the relay. This re- 
sistor prevents a control short circuit 
when the lift coil is separately energized 
to stop the controller. Also, it provides 
an adjustment with respect to interstep 
timing. 4 

A combination flexible coupling and 
cushioned mechanical travel-limit device 
inhibits transmission of shocks to the 
gears and motor and provides positive 
backup prevention of overtravel at the 
rotation limits in either direction. 


Protection. The protective schemes are 
divided into four mutually dependent 
categories. These are primary, ground 
detection, traction-motor overload, and 
auxiliary. 

No slip relays are needed, since the 
maximum accelerating adhesion with 
empty car is only 6 per cent, a value that 
renders slipping very unlikely. Over- 
speed protection is not required because 
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Figure 5 (left). Car charac- 
teristic curves with four traction 
motors (two series, two parallel) g 
gear ratio 128/28, resistance — 
acceleration 


AMPS. PER MOTOR 


Figure 6 (right). Auxiliary | 
control group a 


these cars will balance at a safe speed, and 
even if slipping occurs, the motor will not 
exceed its design speed limit. 

The primary protective scheme con- 
sists of: 


1. A pantograph grounding switch which 
may be energized either by a thermal relay 
(THR) in case of lower order sustained over- 
loads or by an instantaneous relay (PL) in 
case of higher current faults. The operation 
of the grounding switch or a very high cur- 
rent fault will cause the track circuit break- 
ers to trip. PL also serves to prevent lower- 
ing of the pantograph during fault conditions 
and to lower the pantograph after the track 
circuit breakers open. (A high-voltage pri- 
mary fuse is under development which may, 
on future applications, replace the above de- 
vices. ) 


2. A thyrite lightning arrester. 


3. A transformer thermostat which causes 
the line switches to open in case of over- 
heating of the main transformer. 


The ground detection relay (GR) 
located in the main control group, Figure 
6, operates in case of a secondary ground. 
It energizes a normally closed relay (G) 
connected in series with the ground lead 
from GR coil, thus opening the normal 
ground. G has a self-latching circuit 
which can be reset remotely. 

Traction-motor overload relays are of 
the bus-bar type, one for each pair of 
shift motors, and are designed for instan- 
taneous overcurrent protection. The car 
will shift automatically to 2-motor opera- 
tion if just one overload trips. 

Auxiliaries, such as the transformer 
blower-generator set, compressor motor, 
car heat, and lights, are protected by 
means of thermal-magnetic circuit break- 
ers, backed up by auxiliary bus fuses lo- 
cated in the transformer terminal housing. 
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Indicating 
notify operating and maintenance per- 
sonnel of the existence and location of 
trouble, as follows: 


lights are provided to 


1. Traction motor overload tripped. 
2. Ground relay tripped. 


3. Transformer thermostat tripped or 
primary fault (PZ and THR tripped). 


There are three lights on the saloon 
bulkhead and three duplicates which are 
visible through a window in the auxiliary 
control group, Figure 6, which is under- 
car mounted and therefore in view of car 
inspectors on the ground or in the pit. 


Apparatus Arrangement 


Considerable emphasis was placed on 
logical and accessible arrangement of ap- 
paratus within control groups and on the 
location of connections. All parts re- 
quiring inspection and routine main- 
tenance are accessible without disas- 
sembly of control groups. Interconnec- 
tion between the main control group and 
the transformer, accelerating resistor, and 
traction motors is accomplished without 
the crossing of cables. 

Referring to Figure 2, it is apparent 
immediately that the contents of the main 
control group was arranged for maximum 
efficiency in space utilization. Tap and 
line switch magnet-valves, contacts, in- 
terlocks, and are chutes are accessible 
through the front cover. The controller 
can be removed for major overhaul by 
disconnecting, removing three bolts, and 
sliding it out on the lower flange of the 
mounting channel. Routine maintenance 
can be performed without removal. The 
enclosed sequence relay panel can be re- 
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moved by disconnecting a single multi- 
point connector and removing four small 
bolts. Individual relays can be replaced 
quickly without removing the panel. 
Two static devices, the grounding auto- 
transformer and the thyrite resistor, 
which require little or no maintenance, 
can be reached by removing the bottom 
cover. Most of the bus bars, the ground 
relay panel, and the air connections are 
accessible through the back cover. The 
reverser, one overload relay, and one ter- 
minal board are reached through the far- 
end cover, while the control cams of the 
controller, the current-limit relay, and 
two terminal boards are accessible 
through the near-end cover. 


Dynamic Braking Developments 


The continuous rating of the traction 


motors is nominally greater than the duty 
for the car as applied. This is because 
they were so designed that the same 
motors could be used should dynamic 
braking be employed in the future. Stud- 
ies to date indicate the desirability and 
practicability of adding dynamic brak- 
ing, and a development along these lines 
is in progress. Details of the circuits and 
equipment are in process of development. 


Conclusions 


The superior performance of the 4- 
motor a-c propulsion equipment has been 
demonstrated by the new cars, many of 
which are now in revenue service. Ac- 
celeration is smooth and riding qualities 
excellent. Noise is reduced to a mini- 
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No Discussion 
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mum because of the motor mounting/and 
because there is but one blower and only 
two tap switches, on which the switching 
duty is very low. It is apparent that 
when these cars have been “shaken down” 
and all details finally adjusted, they will 
prove to be an important forward step in 
the development of this type of trans- 


portation, 
ve 
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A New Train Performance Calculator 
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Synopsis: This paper describes a new train 
performance calculator recently placed in 
service by the Pennsylvania Railroad in 
Philadelphia. This calculator was de- 
veloped to compute and record mechanically 
and quickly information required by a rail- 
road to determine the economics, applica- 
tion, proper size, and tonnage ratings for 
new types of motive power, which informa- 
tion previously was assembled from a large 
number of tedious step-by-step mathemati- 
cal calculations. The machine consists of 
three self-balancing, potentiometer-type, 
curve-drawing instruments, electrically in- 
terconnected, and a low-energy auxiliary 
circuit. The latter contains apparatus 
necessary to represent effective forces which 
influence the movement of a train and to 
represent certain types of motion which 
must be calculated to determine the per- 
formance of a theoretical train. The sim- 
plicity of its control and operation makes it 
suitable for continuous use in a quiet engi- 
neering office. 


O CALCULATE the performance of 
a given train over a given route, it is 
necessary to know the tractive effort at 
any speed of the motive power, the weight 
and resistance of each car or locomotive 
in the train, the profile, alignment, and 
speed restrictions, and the number and 
duration of station stops. These factors 
establish acceleration and braking for 
the train. Speed, distance, and time must 
be determined thereafter by applying the 
principles of mechanics. 
The calculator described in this paper 
provides: 


1. A means for representing known track 
resistances and restrictions 


2. A means for representing known accel- 
eration and braking forces as small voltages 


3. A means for properly totalizing and 
applying acceleration and braking 


4. A means for integrating acceleration or 
braking with respect to time, regulating a 
second voltage in proportion to speed in the 
process thereof 


5. A means for integrating speed with 
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respect to time to produce an indication of 
distance 


6. A means for recording data relating to 
acceleration, braking, speed, distance, and 
time at any instant 


It is composed largely of well-known 
instruments and apparatus which were 
developed for other applications and have 
been adapted to the solution of train per- 
formance problems with relatively few 
changes in basic design. The services of 
one operator are required to make ad- 
justments for changes in grade and in 
types of motion. Completely automatic 
operation may be obtained when the pres- 
ent development of certain electronic 
devices for other purposes has progressed 
to the stage required for office use. 


Apparatus 


A front view of the new train perform- 
ance calculator is shown in Figure 1. 
All of its operating components are 
mounted on two self-supporting steel 
panels, which are bolted to the floor for 
additional protection. The only ex- 
ternal connections to the panels are three 
wires from the office lighting circuits, 
which supply 110-volt 60-cycle energy 
from two phases of a 3-phase distribution 
system. Two phases are required for 
operation of the instrument-balancing 
motors. Three-ampere fuses in each un- 
grounded wire indicate what a small 
amount of energy is required to operate 
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the machine. 
plies of any nature are required. 

On the left-hand panel there are two 
potentiom- 


No auxiliary voltage sup- 


low-energy, self-balancing, 


eter-type, curve-drawing instruments, 
The top instrument is designated the 
speed recorder; the bottom instrument, 
the distancesrecorder. RPoth designations 
refer to the primary quantity measured 
by each. A similar instrument, desig- 
nated the acceleration 
mounted near the top of the right-hand 
panel. These three instruments contain 


all the apparatus which perform the 


recorder, is 


calculations and assemble the required 
information, Measuring mechanisms in 
these instruments are balanced through 
a-c potentiometer circuits by small 2 


phase induction motors, the control 
windings of which are energized through 
The use of a-c potentiometer 


which 


amplifiers. 
circuits eliminates inaccuracies 
might otherwise develop from resistances 
of interconnecting leads and from fluctua- 
tions in the alternating voltage supply. 
The time required for full-scale travel of 
the recording pens to a balance is ap 
The inte- 
grating mechanisms are operated through 


proximately three seconds, 


Front view of the new train per- 
formance calculator 


Figure 1. 


gears driven by small synchronous motors 
and are controlled by notched disks posi- 
tioned with the measuring slidewires. 
Each integrating mechanism performs 25 
operations per minute. In the upper 
instruments, the synchronous motors also 
advance the charts at a rate of one inch 
each five minutes, which for a normal 
operation represents five minutes of train 
time. The chart in the distance meter is 
advanced by a special motor at a rate 
proportional to the calculated speed of the 
same train, which represents distance. 


Below the acceleration recorder, read- 
ing from right to left, are a power ON- 
OFF switch, a grade and braking rheo- 
stat, and an operations switch. The 
power switch provides a means for ener- 
gizing or de-energizing all apparatus on 
both panels. Each instrument is pro- 
vided with an individual cutout switch 
for calibration purposes. The grade and 
braking rheostat, which is equipped with a 
dial calibrated from —2.0 miles per hour 
per second to +0.8 mile per hour per 
second, is adjusted as required to reg- 
ulate a voltage proportional to the ac- 
celeration produced by profile and align- 
ment of the track or proportional to the 
retardation needed for braking. The 
operations switch provides three posi- 
tions which are used as required to simu- 
late three conditions of train motion, 
namely: A, acceleration; FS, operation at 
fixed speed; and B, braking. In the A 
position, this switch connects to the 
measuring element of the acceleration 
recorder a totalized voltage proportional 
to the instantaneous algebraic sum of 
motive power and track-originated ac- 
celeration forces. In the FS position, no 
voltage is supplied. In the B position, a 
negative voltage proportional to braking 
retardation on a particular grade is con- 
nected from the grade and braking rheo- 
stat to the acceleration recorder. 


An aperture below the grade and brak- 
ing rheostat shows the scale and pointer 
of a galvanometer which is supported on a 
shelf attached to the rear of the right- 
hand panel. This galvanometer, nor- 
mally disconnected from the operating 
circuits by a toggle switch, is provided to 
simplify the adjustment of rheostats, 
operating portions of which are shown on 
the lower half of the same panel. Each 
of the 20 rheostats shown in the lower 
four rows is connected between two taps 
on a retransmitting slidewire in the speed 
recorder. These taps correspond to speed 
positions, in even 5- or 10-mile steps, 
along the slidewire. Dials are marked to 
indicate the speed step around which each 
rheostat is connected. The entire lower 
assembly is calibrated initially to adjust 
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the voltage gradient along the slidewire 
to the shape and proportions of the net 
acceleration curve for a given train; it re- 
mains fixed thereafter until the consist of 
the train is changed. The manner in 
which this is accomplished and the func- 
tions of the remaining rheostats, which 
are designated top speed tractive effort, 
air conditioning, and standardizing, will 
be explained later in this discussion. 


Recording Instruments 


Functions and special features of the 
recording instruments which adapt them 
to the train performance calculator are 
outlined as follows: 

1. The acceleration recorder measures 
a voltage proportional to the totalized 
motive power and track acceleration 
forces, or to the braking force, and pro- 
vides a permanent record of train ac- 
celeration at any time. A pointer at- 
tached to the recording-pen carriage in- 
dicates instantaneous acceleration along 
the lower instrument scale, which is cali- 
brated from —2.4 to +2.4 miles per hour 
per second. A mechanical integrating 
device operates in conjunction with the 
acceleration-measuring mechanism and 
moves a contact over a straight section of 
slidewire located behind the upper in- 
strument scale. This contact is attached 
to a pointer which indicates speed on the 
upper instrument scale calibrated from 0 
to 120 miles per hour. The straight slide- 
wire transmits to the speed recorder a 
voltage proportional to speed. 


Figure 2. Speed- 
distance chart in the 
distance recorder 
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2. The speed recorder measures) this 
voltage and provides a record of train 
speed at any time. A pointer associated 
with the pen indicates speed on a scale 
calibrated from 0 to 120 miles per hour. 
This instrument contains two retrans- 
mitting slidewires and a mechanical in- 
tegrating device, which are positioned by 
the speed-measuring mechanism. One 
slidewire transmits to the acceleration re- 
corder a voltage proportional to accelera- 
tion; the other transmits to the distance 
recorder a voltage proportional to speed. 
The integrating device through relays and 
cam-actuated contacts regulates the speed 
of the special chart-drive motor in the 
distance recorder. 

3. The distance recorder measures 
speed and provides a permanent record 
of speed on a prepared chart which rep- 
resents the track. The curve-drawing 
pen represents the train. A pointer mov- 
ing with the pen indicates speed along the 
right-hand section of the instrument 
scale, calibrated from 0 to 120 miles per 
hour. A solenoid-operated pen, located 
under the left-hand section of the scale 
and actuated by a timing motor, pro- 
vides a permanent record of time by draw- 
ing short horizontal lines at 5-minute 
intervals. 
scale and the chart are ruled from 0 to 60 
minutes. This portion of the chart is 
completed manually, to show time in 
hours and minutes at any location, follow- 
ing conclusion of the calculation. The 
special chart-drive motor advances the 
chart in steps of .02 inch for each 0.1 mile 
of calculated performance. 
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Preparation of Data 


Prior to making a calculation, the 
known data must be prepared and placed 
in the machine. The track information is 
represented on the speed-distance portion 
of the chart in the distance recorder, 
where it can be observed and followed by 
the operator. The train information is 
reduced to terms of net acceleration on 
level tangent track, then translated into 
proportional voltage, where it can there- 
after be handled automatically. 

The track information is shown on the 
speed-distance chart in the distance re- 
corder in Figure 2. Horizontal lines are 
printed on this chart to indicate points one 
mile apart. Certain mileages and sig- 
nificant locations are indicated along the 
vertical zero speed line. Compensated 
grades, expressed in terms of per cent, are 
indicated along the maximum speed line. 
Points at which changes in grade occur 
are represented by dark horizontal lines 
drawn across the chart. At each of these 
lines, the value of acceleration corre- 
sponding to the approaching grade has 
been marked. (One per cent of com- 
pensated grade is considered capable of 
producing an acceleration of 0.2 mile per 
hour per second, the acceleration for 
down-grade being positive and for up- 
grade being negative.) Maximum per- 
tmissible operating speeds are indicated by 
vertical lines to represent values and by 
horizontal lines to indicate location. 
Braking lines, drawn from templates, are 
placed at the approach to each speed re- 
duction or station stop, with the rate of 
retardation, which is dependent upon 
grade, conveniently indicated in miles per 
hour per second. 

Accumulating and plotting track data 
are time-consuming undertakings. Such 
data must, however, be accumulated and 
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acceleration voltage circuit 


condensed before performance of a train 
can be calculated by any method. Once 
plotted on the chart, the information can 
be reproduced in a comparatively short 
time by tracing from the original over an 
illuminated table. One chart can and 
has been used as often as four times by 
changing the color of ink in the recorder 
pens. This practice is especially effective 
when comparing different types or sizes 
of motive power with the same consist of 
trailing cars. 

Steps in the reduction of train data are 
illustrated in Figure 3. The top curve 
represents the tractive effort of a 4,000- 
horsepower Diesel-electric locomotive. 
The value in pounds is indicated on the 
first vertical scale from the left. Tractive 
effort up to a speed of 10 miles per hour 
has been limited to 25 per cent of the 
weight on drivers, which for this locomo- 
tive is 392,000 pounds. As speed is in- 
creased, tractive effort steadily decreases 
until at 80 miles per hour it has reduced 
to 16,100 pounds. The bottom curve rep- 
resents resistance of 15 passenger train 
cars computed from well-known Davis 
formulae, to which has been added axle- 
driven, air/conditioning load. The latter 
becomes effective at 30 miles per hour and 
accounts for the abrupt increase at that 
speed. The second curve from the top is 
obtained by subtraction of the preceding 
two curves. It represents net tractive 
effort available for acceleration on level 
tangent track. The basic form of the 
third curve from the top is developed by 
dividing the second curve by train weight 
in tons. Its value is expressed in pounds 
per ton on the second scale from the left. 
It is common practice to assume that 100 
pounds per ton of net tractive effort can 
produce an acceleration of one mile per 
hour per second on level tangent track. 
The third curve becomes an acceleration 
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curve by referring to the third scale from 
the left. If now the even 5-mile speed 
values on the third curve, up to 80 miles 
per hour, are joined by a continuous series 
of straight lines as shown superimposed 
over the basic curve form in Figure 3, 
they can be translated into voltage values 
which the acceleration recorder can 
measure and integrate. 

A schematic diagram of the accelera- 
tion voltage circuit, Figure 4, has been 
prepared to illustrate the calibration pro- 
cedure. The circuit contains the multi- 
tapped slidewire positioned in the speed 
recorder, the air-conditioning rheostat, 
the top speed tractive effort rheostat, the 
grade and braking rheostat, and the 
measuring slidewire in the acceleration re- 
corder, each of which is connected through 
small transformers to the main power 
supply. Also connected are the 20 speed- 
step rheostats, the two standardizing 
rheostats, the operations switch, and the 
standardizing galvanometer, the latter 
through a toggle switch which is closed 
only when held depressed to the right. 


eee all 


Calibration 


The calibration procedure is outlined as 
follows: 

1. Individual operating switches on 
the speed and distance recorders are 
moved to open position. The switch in 
the acceleration recorder is left closed. 

2. The mechanism of the speed re- 
corder is rotated until the pointer indi- 
cates the maximum speed which is de- 
sired for the calculation. To simplify 
this description, a maximum speed of 75 
miles per hour will be assumed. 

3. The operations switch is moved to 
the A (acceleration) position. 

4. The grade and braking rheostat is 
adjusted to the negative value of accelera- 
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tion shown in Figure 3 for a speed of 75 
miles per hour, or —0.012 mile per hour 
per second. 

5. The power switch is moved to ON 
position. 

6. The speed-step rheostats with dials 
marked 80-90, 90-100, 100-110, and 
110-120, and top speed tractive effort 
rheostat are adjusted to zero. 

7. The air-conditioning rheostat is 
adjusted for the d’flerence of acceleration 
values indicated at 30 miles per hour. 
From Figure 3, these values are 0.224 and 
‘0.194, the difference is 0.08 mile per hour 
per second. In Figure 4 is shown a posi- 
tion contact located in the speed re- 
corder, which de-energizes the supply 
transformer for this rheostat at a speed of 
30 miles per hour, thereby producing the 
straight vertical line at that speed. 

8. The mileage rheostat marked 75-80 
is adjusted until the acceleration recorder 
balances at zero, 

9. If the recorder will not balance at 
zero, the top speed rheostat is adjusted 
until such a balance is obtained. 

10. The galvanometer switch is de- 
pressed and the standardizing rheostats 
are adjusted until the galvanometer is 
returned to its zero position. 

11. Steps 8, 9, and 10 are repeated 
until no further adjustments of the 
standardizing rheostats are required, 

12. The speed recorder is rotated to 
the next tapped position, corresponding 
to a speed of 70 miles, and steps 8, 9, 10, 
and 11 are repeated with the grade and 
braking rheostat set to —0.027 mile per 
hour per second, the negative value of 
acceleration for a speed of 70 miles per 
hour, and adjusting speed-step rheostat 
70-75. This operation is repeated for 
each next lower tapped position until the 
entire range has been covered, 

The calibration as outlined above can 
be completed for any train in less than 15 
minutes. The standardizing rheostats, 
by maintaining constant current through 
the transformer supplying the multi- 
tapped slidewire, make it unnecessary to 
recheck any point which has once been 
set. The top speed tractive effort rheo- 
stat, with a range from —1.0 to +1.0 
mile per hour per second, is used to ex- 
tend the range of train acceleration above 
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its balancing speed on level tangent track. 
The range of all rheostats has been de- 
signed to provide for all shapes of railroad 
motive-power acceleration curves which 
have been experienced. The only ap- 
parent limitation would be an acceleration 
curve with values which increase with 
speed. This appears unlikely at the pres- 
ent time. 


Operation 


When the calibration has been com- 
pleted, all instruments are set to their 
zero positions, except the acceleration 
recorder, which is adjusted to maximum 
calibrated value. The prepared speed- 
distance chart is checked to make sure 
that the recorder pen rests at the proper 
starting position, the grade and braking 
rheostat is adjusted to the acceleration 
indicated for the initial grade, all instru- 
ment cutout switches are closed, and the 
operations switch is placed in the ac- 
celeration position. The power switch is 
operated to the ON position and the 
machine proceeds to calculate and record 
train performance in the actual time 
which the train would require to operate 
over the represented track. The operator 
observes the curve drawn by the pen in 
the distance meter and adjusts the grade 
and braking rheostat and the operations 
switch in accordance with the indications 
provided on the prepared chart, as the 
chart is advanced, 

Max'mum scales of 2.4 miles per hour 
per second for acceleration and 120 miles 
per hour for speed are in excess of maxi- 
mum values produced from present-day 
railroad motive power. They were 
selected primarily to expand the distance 
and time suburban trains, 
which make frequent stops at short in- 
tervals and rarely exceed a top speed of 
60 miles per hour, 


scales for 


For calculations on 
such trains, speed values on the accelera- 
tion curve are multiplied by two and the 
machine is calibrated accordingly. Top 
speed of 60 miles per hour appears on the 
chart as 120 miles per hour, and the speed- 
distance chart must be laid out for 1.25 
miles to the inch, instead of 5.0 miles to 
the inch. With this arrangement, the 
calculator performs its work in twice the 
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time which would be required fort’ the 
train movement. However, a much 
better record of train operation is ob- 
tained for inspection and analysis. Simi- 
larly, a long freight run can be calculated 
in one-half train time by doubling the 
acceleration values, including braking 
and track values, and using actual speed 
scales. Distance scales thereby ~are 
changed from five miles to the inch to ten 
miles to the inch. Doubling both ac- 
celeration and speed values has been ap- 
plied to some problems involving top 
speed below 60 miles per hour. This pro- 
cedure provides a distance scale of 2.5 
miles to the inch, but permits the per- 
formance to be calculated in train oper- 
ating time. 


Conclusions 


This new train performance calculator 
was placed in service in the Office of the 
Electrical Engineer of The Pennsylvania 
Railroad in April 1950, It has been 
operated to determine performance of 
new types of motive power in passenger, 
freight, suburban, and helper service. It 
has been particularly useful in determin- 
ing the extent to which short-time ratings 
of new Diesel-electric locomotives could 
be utilized in establishing tonnage ratings 
on ruling grades, and also in analyzing 
the amount of horsepower which should 
be applied to certain services. The rec- 
ords which have been produced adapt 
themselves to a compact filing system and 
are easy to analyze because of their 
graphic nature. There has been no in- 
dication of inaccuracy in the calculation 
process to date, despite numerous studies 
wherein different locomotives have been 
applied to the same train on the same 
prepared chart. The time saved in mak- 
ing these calculations and the records 
produced have provided opportunities for 
investigating other aspects of train per- 
formance which could not have been 
considered had it been necessary to make 
numerous step-by-step mathematical cal- 
culations. Maintenance routine, in ac- 
cordance with the manufacturer’s recom- 
mendations, has required less than one 
hour per month, There have been no ap- 
paratus failures or replacements. 
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Circuit Analysis Method for Determina- 
tion of A-C Impedances of Machine 


Conductors 
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RECISE CALCULATIONS of rotor 

bar impedances at several frequen- 
cies are essential if the induction motor 
designer is to achieve adequate accelerat- 
ing torques while meeting present re- 
quirements of starting current, starting 
torque, pull-out torque, and efficiency. 
Calculation of a-c resistance of stator 
windings is important for large 60-cycle 
machines and for smaller machines oper- 
ating at higher frequencies. 

This paper presents a fundamental 
approach to the calculation of imped- 
ances of conductors and coils in motor 
slots on the basis of equivalent circuits. 
Equivalent circuits are developed for a 
single rectangular bar, T-shaped bar, 
idle bar, and a 2-turn coil. Extensions of 
the method can be made to include bars 
of any shape and coils with any number of 
turns. Experimental measurements of 
several conductor arrangements are made 
and compared with values calculated from 
the equivalent circuits. 

The equivalent circuits used in this 
paper are similar to the distributed cir- 
cuits representing transmission lines. In 
this paper, use is made of the following 
transmission line equations. 


Es=Ep cosh \/ YZ+InvV Z/Y sinh VW YZ 


(1) 
Is=Ip cosh \/ YZ+EpvV/ Y/Z sinh »/ YZ 
(2) 


Paper 51-109, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951. Manuscript submitted 
July 17, 1950; made available for printing Decem- 
ber 12, 1950. 
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where Js and Es are sending-end current 
and voltage and Jp and Ep are values for 
the receiving end. Z and Y are, respec- 
tively, the series impedance and the 
shunt admittance of the line. 


Equivalent Circuits 


THREE SMALL BAR ELEMENTS 


Figure 1 illustrates the case for three 
small bar increments connected in parallel 
and located in a rectangular slot. The 
magnetic flux above bar A is proportional 
to the vector sum of the currents J4+J,+ 
Ic. This flux produces equal voltage 
drops of j2mfloU4+J5+Jc) in all three 
bar elements. The magnetic flux between 
bars A and B is proportional to Ig+TI¢ 
and induces voltages of j27fLg(I[g+Ic) 
in bar elements B and C. The magnetic 
flux between bar elements B and C is pro- 


Three bar-elements in a rectangular 
slot 


Figure 1. 
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portional to Z¢ and induces a voltage of 
j2rfLeIe in bar element C. In the equiv- 
alent circuit of Figure 1 it is found that 
the sum of the self- and mutual-imped- 
ance drops for any bar element equals the 
voltage applied to the bar. The circuit is 
therefore adequate for calculation of the 
the three 
parallel elements at any desired fre- 
quency. 


resistance and reactance of 


ONE RECTANGULAR BAR 


A solid rectangular bar may be con- 
sidered as a large number of parallel ele- 
ments. 
tially the same as in Figure 1, but the 


The circuit of Figure 2 is essen- 


number of elements has been greatly in- 
creased. JL, of the circuit of Figure 2 
corresponds to L,+JZe¢ of Figure 1 and 
is equal to 4mrd,/10°W,Xlength of bar in 
centimeters. Lo is the same as in Figure 1 
and is equal to 47/10° henrys times the 
permeance of the slot and air gap above 
the bar. This circuit is solved in the same 
manner distributed circuit in- 
volving an open-circuited transmission 
line 


as the 


Esar =j2rfLodpar+ Es (3) 
From equations 1, 2, and 3 

Epar=j2nfLolpan+Ep cosh \/ YZ (4) 
Ipan=\/ Y/ZEp sinh ./ YZ (5) 


Figure 2. Equivalent circuit for a rectangular 
barina rectangular slot 
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Figure 3. Equivalent circuit for a T-shaped bar 


then 
Zoan =j2xflot+1/¥*/YZ ctnh /¥YZ (6) 


where 1/Y is the resistance of the bar in 
ohms. Z=72rfl;, ohms. Zpar then is 
specified in ohms. 


T-SHAPED BAR 


The equivalent circuit of the T-bar, 
Figure 3, is obtained by combining the 
equivalent circuits of the two rectangular 
elements. The constants are as follows: 


Ly =4910~%ld,/w,  Z, =j2xfL 


Y, =conductance of Section 1 
Li =4r1()~ 1d, /Wy Z =j2rfLz 


Y,=conductance of Section 2 


where | is length of the bar in centimeters 
and Ly is defined as for the rectangular 
bar. 

In calculating the equivalent circuit 
for the T-bar, the impedance of section 
2 may be calculated using the method 
specified for the rectangular bar. This 
impedance is substituted for the dis- 
tributed circuit of section 2 at terminals 
P and Q. The input impedance Epar/ 
Tux then is conveniently calculated. 


ONE ACTIVE AND ONE IDLE Bar 


‘The case for a rotor slot containing one 
active and one idle bar is illustrated in 
Figure 4. The idle bar has no electrical 
connection with the end ring or with the 
active bar; therefore, it has a net current 
of zero. The voltage difference between 
the top and bottom elements of the idle 
bar is produced by flux through the idle 
bar. All constants are defined as for the 
T-bar. The reactance due to the flux 
above the slot is given by 


Xo =j2nrfly (7) 
The impedance feflected from the idle bar 
662 


Figure 4. Equivalent circuit for one active bar 


plus one idle bar 


is given by Epo/Ipap. 


E,= — Ex = Epg/2 


From equation 2 


Ioan =Isar cosh »/ Y,Z,+ Ep WV Yi/Z 


wo wo 
aaa ms ny 
a 88, 


0-2 VOLTS 


Figure 5. 


PHASE SHIFTER 


Equivalent circuit for a 2-turn coil 


Figure 8 (above). Schematic diagram of test circuit 


In the solution of 
this reflected impedance it is noted that 


sinh /¥,Z, 
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Figure 6 (left). Lamination and slot dimensions 


Figure 7 (left). Slot 
and conductor arrange- 
ment showing dimen- 
sions 
Conductors insulated 
from slot sides with 10- 
mil paper. Slot width 
is 0.28 inch 


Figure 9 (right), Con- 
ductor arrangement for 
determining reactance 
as a function of slot 
depth (see Table Il and 
Figure 14) 


Epg/Tpar —2)) Y, V Y,Z, (ctnh V/ Y,Z, ae 
esch W/ Y,Z,) (10) 


The reactance due to flux between bars 


(8) 
Xx =j2rfLx (11) 
where 
Lr =41107%dx/wx (bar length in 

(9) centimeters) 
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Table 1. Measured and Calculated Values of Resistance, Reactance, and Inductance as a 
Function of Frequency 


Measured Values 


Calculated Values 
x 


x E R L 
Frequency Microohms Microohms Microhenrys Microohms Microohms Microhenrys 
PAE tes 58, cri Paar nG cay torstaieva a pe wimiaeles a's dteele Heese SOBs Bees Dinars ts 10.5 
io rh! ees ee SVD ulorek «5 TOSOG ieee ss BOR Seuss iy SEN sie tarts 10.15 
SOMO fe aide .+ 6 BARS cee GE es ee LR: UREA BOP ceca dene PeRekcetnc ee 9.88 
30.Q4 ER GOS ita args Sais UAL 0 ae Dae retest yb ene a ae LEY dt Weep grok 9.30 
cS 7) ae WO) oe Os 9.06 Sassen BOO cite siora neta oars cube 8.91 
RRO ste Se ix sss BGS ac nec cae OeOsee oes SuTO cess ass DBO Oo iruiss oP OR eS cise wre 8.52 
BOO U esis cc. ee Se!) os oa Cae RSOBS 5 ds tees RUD sec carck 8.26 
“O18 2 ee oe PORGO Se vag ce: OOO. ac ktas Me ere P1402 oie Ho} EAa ere 8.03 
omnes... Le ra eee eee S-QOOC I x. bye Rare tam A HsBP Urns a7 ake Bi Q93 0 5....-a: 7.88 


Test conditions: One rectangular conductor with top edge at top of slot. Conductor current of 320 
amperes. 0.28-inch slot width. Assumed temperature is 30 degrees centigrade. 


Table Il. Measured and Calculated Values of Reactance as a Function of Distance Above 
Conductor 
Reactance Reactance 
Potential Inches Above Volts Measured, Calculated, 
Wire Number Conductor Measured Microohms Microohms 
POOR re wlevele's Os OO ate: create ore ats COR, See ee SOE OO eS) SacGikixincee 7,382 
Ge a a) aise 0s: 6 Uae crec tas renaie clicked AG rpeta bats ays wie (Ss 11 Rea Roe eg re Sa 6,857 
Soy orth eS ORGO Te aac a cen ce as Ah DD oR Le 2 cule MOOG Os Old ccvanecne 4,932 
Co? Sa QOTS nis catnes ni tees aD rom teeraieste tas: siteris AIO cheteathy caraisnkg a 3,507 
ot Ses TROON wires .caeeesiues.e GR Tak osaic ce OOO G rest case snes ee 
Wo a0. Bee ons VLMa Siccelahnes ater cs WRC wcals vals. Sci x terete a 1,492 
68 qe PE OOS cerns wees ces (eC ENR Bate, ar: 1,133 
ie 3: eS Seas DT aliscs)esceraars wae ONTO Sse ee Sots cat 907 
0s See NN a 5-a ale siiava ace O68 inchs Hae ee min am 753 


Test conditions: Top of conductor | inch below top of slot, 0.28-inch slot width, conductor current 838 


amperes, voltage 8.10 volts, 790 watts, and assumed temperature 30 degrees centigrade. 
Conductor impedance: 1,058+ 78,810 microohms calculated 1,124-++-j9,600 microohms measured. 


The impedance of the active bar omitting 
effects of flux above the active bar is cal- 
culated in the same manner as the im- 
pedance of the rectangular bar (equa- 
tion 6). 


Eps/Ipan=1/Y2»/ ¥.Z, ctnh YZ, (12) 


The total impedance of the active bar is 
given by the sum of equations 7, 10, 11, 
and 12. 


Com or Two Turns 


Figure 5 gives the equivalent circuit for 
a 2-turn coil in a rectangular slot. The 
flux above the top conductor is propor- 
tional to coil current times turns, and in- 
duces a voltage of j2%¢(2mfLo) in each of 
the two turns. JLo is the same as for 
Figures 1, 2, 3, and 4, and is equal to 
4710~ henrys times the permeance of the 
slot and air gap above the bar. There is 
more flux across the conductor nearest the 
air gap; therefore, the skin effect is 
greatest in that conductor. The current 
distribution in each conductor can be de- 
termined from the equivalent circuit. 
The impedance of the top turn is given by 


Zror= Exr/Tc =j2(2fLp) = Epr/Ic 


The circuit between P and Q is similar 
to a transmission line with input voltage 
Epr, input current 2J¢, output voltage 
Eor, output current Ic, series impedance 


(13) 
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Z, (where Z;=27f4710“d,/w; Xlength of 
bar in centimeters), and shunt admittance 
Y, (where ¥;=conductance of the bar 
in mhos.) From the transmission line 
equations | and 2 


Epr = Egr cosh VW ¥,2Z,+loVZi/¥; 


sinh V/¥,Z, (14) 
2c =Mc cosh V ¥:Z,+ EgrV ¥;/Z, 
sinh /Y,Z, (15) 
From equation 15 
Egor =Ic1/Yiv/ ¥,Z,(2— cosh V¥;Z) 
(esch 1 ¥,Z,) (16) 


Combining equations 14 and 16 


__[2= Z 
= ———— 
Epr/Ice=1/¥iV vz| uh FZ 


cosh \/ ¥,Z,+ sinh / vz] (17) 


From 13 and 17 


Zror =j4aflot1/Niv ViZ 
(> a VT ee @ 
? cosh Vv YZ cosh /¥Z,+ 


sinh 1/ viz, | (18) 


The impedance of the bottom turn is 
given by 


Zporrom = Eps/Ic =4xflo+ Epe/Ie+ 
2nfLx+Ers/Ic (19) 


Babb, Williams—Method for Determination of A-C Impedances 


A 


ff 


The impedance reflected from the top 
bar to the bottom bar is given by 


Epo/Ic = Epr/Ic— Egr/Ic 
from equations 17 and 16 


Epg/Io=1/Ni/ V2. X 
E cosh VY¥iZ)(cosh V YZ —1 yy 


sinh / YZ, 
sinh 4/ vz, | (20) 


Ers/Ic is calculated in a manner similar 
to the impedance of a single rectangular 
bar (equation 6) 


Ers/Fe=1/ ¥2\/ ¥2Z, ctnh V/ ¥2Z: (21) 


The impedance of the bottom turn 
may be calculated from equations 19, 
20, and 21. 


Specific Tests and Calculations 


Test CONDUCTORS AND SLOT 


Copper bars 12 feet long, 1/4 inch wide, 
and one-inch deep are used as test con- 
ductors. Laminations were cut from 14- 
mil stock with dimensions as given on 
Figure 6. Approximately 9,000 of these 
laminations, sprayed on one side with in- 
sulating paint, were stacked and com- 
pressed to give a slot 11 feet long. Test 
conductors are placed in this slot, in- 
sulated from the slot sides with 10-mil 
paper. The actual slot width will be some 
value between 0.27 inch and 0.291 inch. 
A slot width of 0.28 inch is assumed. See 
Figure 7 for conductor and slot arrange- 
ment. 


Test Crrcuir 


The schematic diagram of Figure 8 rep- 
resents the testing circuit and equip- 
ment used to measure the effective a-c re- 
sistance and leakage reactance of the test 
conductor. The equipment used consists 
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Figure 10, Arrangements of conductors for 
determining impedance of (1) one active bar 
and one idle bar or (2) a 2-turn coil 
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Figure 11 (left). 
Measured and 
calculated resist- 
ance as a function 


BG 


MBE .2 


of frequency for 


one rectangular 


bar in a_ rec- 
tangular slot (see 


Table 1) 


Figure 14 (right). 
Measured and 


REACTANCE XIO®OHMS 


20 30 40 50 
FREQUENCY IN CPS 


of a current transformer, standard re- 
sistance S, potentiometer P, variable 
mutual inductance M, electrodynamom- 
eter, phase shifter, and ammeter. By 
adjusting the potentiometer P and the 
variable mutual inductance M to give 
zero deflection of galvanometer regard- 
less of setting of phase shifter, the current 
I; is made equal to zero. 

For balanced conditions, the resistance 
and reactance of the test conductor may 
be determined. 


R=r/T—x/T sin B (22) 
X =x/T+r/T sin B (23) 
where 


8 =phase angle error of current transformer 
r=Sp/(S+P) 

x =2afM 

T =Corrected transformer ratio 


The more precise experimental meas- 
urements were made using the circuit 
of Figure 8. Several additional tests were 
performed using voltmeter, ammeter, 
and wattmeter when the ranges of the 
instruments of Figure 8 were inadequate. 


ONE RECTANGULAR BAR NEAR Top OF 
SLOT 


The following calculations and test re- 


calculated react- 
ance as a func- 
tion of slot depth 
(see Table Il) 


fon) 


sults are for one rectangular conductor in 
a rectangular slot with the top edge of the 
conductor at the top edge of the slot. 
Conductor and slot dimensions are as 
given in the preceding paragraph. The 
flux above the slot is assumed to be 
double the leakage flux of the bar in air. 
On this basis the calculated value of Lp is 
5.52 X10~ henrys. 

From Figure 2, L;=4710~°1.00/0.28 
henrys per centimeter length of conductor 
and for a slot 11 feet long, Z;=j95f ohms. 
The ohmic resistance of the portion of the 
conductor in the slot (11 feet), assuming 
temperature of 30 degrees centigrade, is 


R,=1/ Y, =374 X10-§ ohms 


and at 60 cycles, Z:=75,700 X10~® ohms. 
The impedance of the 11-foot section of 
conductor as calculated from equation 6 is 
(j2,080-+1,030+ 71,030) X10-* ohms or 
(1,030-+-73,110) X10~* ohms, which, when 
corrected to include the resistance of that 
portion of the conductor not in the slot, 
becomes (1,058-+-j3,110)X10-® ohms. 
The reactance correction has been con- 
sidered previously in the reactance be- 
cause of fringing. 

The impedance measured at 60 cycles 
by the method of Figure 8 is (1,095+j 
3,150) X10~* ohms. Measured and cal- 
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Figure 12. Measured and calculated reactance as a function 
of frequency for one rectangular bar in a rectangular slot (see 
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culated values for other frequencies are 
listed in Table I. Graphs comparing 
measured and calculated values of re- 
sistance, reactance, and inductance are 
shown in Figures 11, 12, and 13. 


ONE RECTANGULAR BAR LOCATED DEEP 
IN SLOT 


Figure 9 illustrates the conditions for 
this test. One rectangular conductor is 
located one inch below the top of the slot, 
with nine potential wires located at 1/4- 
inch intervals above the top edge of the 
conductor. The impedance of the con- 
ductor is determined as in the preceding 
case, but having an additional reactance 
of 75,700 X10~* ohms, which is caused by 
the leakage flux between the top of the — 
conductor and the top of the slot. The 
total calculated impedance is (1,058+7 
8,810) X10~® ohms at a frequency of 60 
cycles. 

The impedance as measured by am- 
meter, voltmeter, and wattmeter is 
(1,124+-79,600) x 10~* ohms. 

Table II lists measured and calculated 
values of reactance due to leakage flux at 
various points above the conductor. The 
graphs of Figure 14 also give a comparison 
of these measured and calculated values 
of reactance. 
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Figure 13. Measured and calculated inductance as a func- 
tion of frequency for one rectangular bar in a rectangular 


slot (see Table |) 
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‘Two RECTANGULAR BARS IN SLOT 


Figure 10 illustrates the arrangement of 
conductors in the slot for this condition. 

If the lower bar is excited and the top 
bar is idle, the calculated values of im- 
pedance in microohms are as in the 
following list. Equations 7 through 12 
have been developed previously for these 
calculations. A temperature of 60 de- 
grees centigrade is assumed for calcula- 
tions. 


Reactance (fringing)............... +j2,080 
Impedance (reflected from idle bar) . .2,310+ 72,690 
Reactance (flux between bars)...... +j 119 
Impedance (flux across lower bar 

caused by current in lower bar)...1,118+ 71,090 


‘Total impedance of lower bar....... 3,428+ 75,979 
Measured impedance of lower bar 
(Voltmeter, ammeter, wattmeter)...3,110+ 75,950 


If the two bars are in series, the cal- 
culated values of impedance in micro- 
ohms are as given in the following list. 
A temperature of 60 degrees centigrade 
is assumed. Equations 13 through 21 
have been developed for these calcula- 
tions. 


ee 


Reactance of top bar because of flux 


BOVE LOD DEE. cc ccc ee cee ces +j 4,160 
Impedance of top bar because of flux 

POSTS HUE TOE 0: a.0.c 056,010.00 safe sale 2,208+ 7 2,180 
Total impedance of top bar........ 2,208+ 7 6,340 
Reactance of lower bar because of 

uz above top bar...)........6 +j 4,160 


Impedance reflected from top bar to 


TOWODUMER sy as cee bese eens es v es -8,47047 3,800 
Reactance because of flux between 
bee 2) ie Sia Sail) 


Impedance of low bar neglecting 
current and flux above lower bar..1,118+j 1,090 


Total impedance of lower bar...... 4,588+ 7 9,169 
Total impedance of both bars in 
URC RPMI ded iirc) ants oye oie o civ ate n 6,7964+ 715,509 


The impedance measured by ammeter, voltmeter, 
and wattmeter are as follows: 

Impedance of top bar............. 2,210+ 7 6,590 

Impedance of lower bar........... 4,350+ 7 9,210 


Impedance of both bars in series... .6,560+ 15, 800 


Conclusions 


The circuit analysis method for de- 
termination of a-c impedance of machine 
conductors may be applied to problems 
more complex ‘than those considered in 
this paper. The method illustrated for a 
2-turn coil may be expanded for a coil of 
any number of turns. A coil which shares 
a slot with a coil of another phase also can 
be handled conveniently. The method 
illustrated for the T-bar may be used for 
accurate determination of a-c impedance 
of rotor bars of any shape. Saturation of 
slot leakage paths is detected quickly in 
the equivalent circuit method and the 
circuits modified to yield saturated values 
of impedance. 

The circuits used in this paper make it 
possible to determine the current density 
in each part of each conductor and the 
voltage across each turn of a multiturn 
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coil. The impedances reflected from one 
conductor to other conductors in the same 
slot are determined easily. The calcula- 
tions of impedance and comparative test 
data for the idle bar and the 2-turn coil 
are tabulated to illustrate the various 
components of impedance. 

The measuring circuit as shown in 
Figure 8 and described briefly in the paper 
was very accurate and satisfactory for 
measuring low values of impedance. The 
authors would prefer to use this method 
for all the measurements given in this 
paper. The available inductometers and 
standard resistors had insufficient range, 
however, for the higher measured im- 
pedances. The ammeter, voltmeter, and 
wattmeter method was used for measure- 
ment of these higher impedances. 
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Discussion 


P. L. Alger (General Electric Company, 
Schenectady, N. Y.): I commend the 
authors for a very interesting and useful 
contribution to the art of electrical motor 
design. 

This problem of calculating the skin effect, 
or a-c impedance of slot embedded conduc- 
tors, has been under development for more 
than 40 years. The AIEE paper by A. B. 
Field! in 1905, for which he received the 
Lamme Medal, gave the differential equa- 
tions and their solutions for the case of 
multiturn form wound coils. Later papers 
by Gilman? in the AIEE and by Taylor in 
the Journal of the Institution of Electrical 
Engineers gave more complete formulas. 
Taylor developed the solutions in the form 
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of an infinite series, from which useful ap- 
proximate formulas were derived. 

Professor W. V. Lyon‘ made important 
contributions to the calculation of squirrel- 
cage bar impedances, employing vector 
equations. 

The present authors, however, have used 
an equivalent circuit, instead of merely 
equations, so that solutions can be obtained 
by measurements on a network as well as by 
calculation. 

The important feature of this new presen- 
tation is the use of equivalent transmission 
lines with distributed constants instead of 
lumped constants, to represent those parts 
of the conductors which have large skin 
effect. In this way, any element of the 
impedance can be examined in as much de- 
tail as desired; while the remainder of the 
circuit is treated in the usual simple way 
with lumped constants. This method of 
representing the impedances is in line with 
the modern trend of employing equivalent 
circuits, instead of equations wherever pos- 
sible. 

This method is also in line with the recent 
proposal of L. Bergeron® for analyzing equiv- 
alent circuits by graphic means, based on 
the transmission line theory of traveling 
waves. Bergeron has pointed out that any 
lumped impedance, when replaced by a dis- 
tributed impedance, can be considered as a 
transmission line over which the current and 
voltage waves travel at a uniform speed. 
This enables the voltage and current distri- 
bution to be calculated either directly or 
graphically, by summing up the values of 
transmitted and reflected waves without the 
need of employing formal equations. The 
method is particularly useful for nonlinear 
impedances. 

It seems likely that the Bergeron method 
will be helpful in determining squirrel-cage 
impedance values with the Babb-Williams 
circuits. 
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John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): In this paper in equa- 
tions 6, 12, and 21 a term occurs which can 
often be computed most easily by a series 
expansion stich as Pierce’s equation 793.1 
This formula, is 


x etnh (x) =1+x%2/3—x4/45+ 
2x8/945—x8/4,725*... (1) 


It is rapidly convergent at 60 cycles, up toa 
depth of 0.5 inch in copper. ae 
_ Mm, 
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Circuit of double cage motor and 
based an 3-winding transformers 


Figure 1. 


The authors discuss the T shaped bar, 
and in this connection the paper by H. V. 
Putnam published in 1927 should be cited.* 
The most convenient way of using Putnam’s 
results, found in my notes, and expressed in 
the symbols in this paper is as follows: 


Zpar—Z2 
Z,—Z,°Y, 
il 1/ ie Aue (2) 
Y¥\Z2+(ViZ,) /* ctnh (W121) /2 


In this form it can be easily applied to T- 
shaped bars with a lower part of any shape 
and to double cage motors. 

The authors have used infinitestimal sec- 
tions in their equivalent circuit in Figure 2. 
An investigation into the use of finite sec- 
tions indicates that in copper at 60 cycles 
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the elements in Figure 2 may not be greater 
than 0.05 inch if an error of over 1 per cent 
is to be avoided. The late Alfred Oklund 
proposed a slightly different circuit from 
Figure 2, based on the theory of a 3-winding 
transformer, and which was accurate up to 
0.1 inch. Unfortunately this is not in print. 

In Figure 1 of this discussion, 2; is the 
reactance of the top cage, Y; the conduct- 
ance of the top cage, Z, the impedance of 
the slit, and Z; the impedance of the bottom 
cage. Mr. Oklund did not consider this cir- 
cuit applicable to die-cast rotors. It is to be 
noted that according to the theory of the 
3-winding transformer a negative reactance 
must be inserted the branch representing 
the conductance. This circuit checks equa- 
tion 2 of this discussion when Z, is made the 
combined impedance of the slit and lower 
cage, provided the depth of the top cage is 
not over 0.1 inch. 
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D. S. Babb and J. E. Williams: Imped- 
ances of machine conductors may be caleu- 
lated from the circuits of this paper in a 
number of ways. Unless a network ana- 
lyzer is available the authors believe the 
solutions based on the transmission line 
equations to be the easiest method as well as 
the most precise. If numerous calculations. 
are to be made, curves of hyperbolic func- 
tions of X/45° are very helpful. When 


these curves are not available they may be _ 


quickly calculated from the series expansion 
for these functions as Mr. Douglas illus- 
trates in his equation 1. 

If a network analyzer is to be used the 
circuit would be represented by a number of 
finite sections. Work along this line by the 
authors indicates that best results with a 
moderate number of sections occurs when 
the conductor is divided into unequal sec- 
tions with the smallest sections near the top. 
For example, the 1 by 1/4 inch bar was repre- 
sented by four T-sections equivalent to 
bars 0.1-, 0.2-, 0.3- and 0.4-inch deep. 
Solution of the resulting circuit gave an- 
swers within 6 per cent of true values from 
zero to 60 cycles per second. 

The authors appreciate P. L. Alger’s his- 
torical contribution to the paper. 
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A Simplified Method for Predicting 


Induction Motor Performance 


HENRY E. WEBKING 


ASSOCIATE AIEE 


HIS paper offers a method for predict- 

ing the performance characteristics of 
polyphase induction motors which re- 
quires appreciably less time and effort 
than any of the present methods and yet 
gives results which are comparable in 
accuracy. The speed and _ simplicity 
which this method embodies arise from 
the use of a set of curves which eliminate 
the majority of the usual calculations. 

Like most of the other methods, this 
one is based upon the equivalent circuit 
for an induction motor or actually upon 
its graphical representation, the circle 
diagram.1 In order to make the curve 
system practical, the approximate circle 
diagram is used.1 Theoretically, the 
accuracy is thus slightly reduced. Prac- 
tically, however, the difference in accu- 
racy can seldom be discerned except occa- 
sionally in the case of very small motors. 
In fact, due to unaccounted-for variables 
in the design, such as saturation and vary- 
ing rotor frequency, more accurate results 
can often be obtained with the approxi- 
mate circle diagram than with the exact 
circle diagram,” 

Most of the common methods in use at 
the present time for predicting induction 
motor characteristics are analytical solu- 
tions of the equivalent circuit. The circle 
diagram is sometimes used but the un- 
wieldiness of such a graphical solution 
greatly limits its use. Compared to the 
analytical methods of predicting induc- 
tion motor performance, such as that 
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proposed by Mr. Veinott,’ the method 
offered here gives, in addition to greater 
speed and simplicity, two other very dis- 
tinct advantages. Using the common 
analytical methods, the characteristics 
cannot be determined for a given load, 
such as rated load, without using a trial- 
and-error process. That is, it is neces- 
sary to assume some value for slip or pri- 
mary current and then solve for the power 
output. Using these curves, the charac- 
teristics may be determined directly for 
any given output. In addition, these 
curves give a visual indication of the 
effects of changing the ratios between 
various design parameters. For exam- 
ple, the speed torque curves show very 
clearly that increasing the ratio of rotor to 
stator resistance increases the breakdown 
and starting torques and decreases the 
full-load speed. 

In 1930, W. J. Branson‘ proposed a set 
of curves for predicting induction motor 
characteristics. . However, since the 
curves were based upon the exact circle- 
diagram for an induction motor, the re- 
quired number was large (approximately 
100) and a comparatively complex calcu- 
lation sheet was still required. As far as 
is known, these curves have never been 
published. The method offered here re- 
quires only one curve sheet each for 
efficiency, power factor, and current and 
about three curve sheets for the speed and 
current versus torque curves. The curves 
themselves are self-explanatory and no 
additional calculating form is required. 


Notation 


Ey=impressed voltage per phase 

r,=primary resistance per phase 

r2=secondary resistance per phase in pri- 
mary terms 

R=r,+nr=short-circuit resistance per phase 


X =short-circuit reactance per phase, neg- 
lecting the shunting effect of the 
magnetizing reactance 

Xm=magnetizing reactance per phase 

Q=8-phase horsepower output X X + Ep? 


Rm =a resistance representing friction, wind- 
age, and core loss 


Derivation of Curves 


This method is based upon a new 
analytical solution of the approximate 
circle diagram by Professor C. F. Cam- 
eron of the Oklahoma Agricultural and 
Mechanical College. That solution is 
given in the Appendix. By substituting 
design values into the final equations of 
this solution, equations for the perform- 
ance characteristics have been derived 
which depend upon the ratios: R/X, 
X/Xm, ti/t2, (2/Rm) + (EX/Z?), and an 
independent variable, A. 

To simplify the curves, (Z/R,)+ 
(EX/Z*) was taken as a constant of 0.006. 
This assumption seems justifiable because 
variations from this value produce rela- 
tively small differences in the predicted 
performance characteristics. A similar 
assumption was also used by Branson 
even in the solution of the exact circle 
diagram. 

By assuming values for R/X, X/Xn, 
and 7/72, and taking a range of values for 
A, a set of curves may be drawn giving 
horsepower output, efficiency, power fac- 
tor, torque, and slip as a function of A; 
and speed and current as a function of 
torque. Since all characteristics are 
plotted as a function of a single inde- 
pendent variable, A, the characteristics 
may be determined for a given horse- 
power output without using a cut-and-try 
process such as is required by most solu- 
tions. 


Use of the Curve Sheets 


In order to use the curves, the following 
values must be known either from the de- 
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sign or test data: R, X, n, %, and Xm. 
The following constants are then calcu- 
lated: 


If the values for X and 7, are taken as be- 
ing different for running and starting, 
these constants may be calculated for 
both conditions, Next, the output con- 
stant is calculated for the desired 3-phase 
horsepower output: 


Using this value on the output curve 
sheet, the value for A at the given load is 
found. Having this value for A, the load 
characteristics may be quickly found from 
the curve sheets for efficiency, power- 
factor, and primary current, Curves 
may be drawn also for torque and slip 
versus A but they are not included in this 
paper. 

It may be noticed from the curve sheets 
that the values for efficiency and power 
factor are read directly from the curves. 
For primary phase current, the value 
read from the curve must be multiplied by 
Ein/ Xe 

The torque characteristics are taken 
from the speed-torque curves. To obtain 
the 8-phase torque in pound feet, the 
value read from the curve is multiplied by 

Ey? 


x syn, rpm, 


The current-torque curves are plotted 
to the same torque scale. The value ob- 
tained from the curve must be multiplied 
by #,/X to obtain the phase current. 

For this presentation, speed-torque 
curves have been plotted for two values of 
X/Xm. Since variations of this ratio 
have such a small effect upon the speed- 
torque curves, it is believed that a set of 
speed-torque curves for each of two or 
three values of X/X mis sufficient. 

a. 


~ ™~ 
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Figure 1. (left). 

Circle diagram for 

an induction 
motor 


Figure 2 (right). 
Circle diagram as 
used for predict- 


ing induction 
motor perform- 
ance 


The range of constants used for the 
curves presented here is sufficient for most 
design A (normal starting current-normal 
starting torque) motors. <A larger range 
of constants should be used in plotting 
curves for general design use. 


EXAMPLE 


The motor used in this example is the 
same one used as an example by Kuhl- 
mann in his design book.® ‘The rating of 
this motor is: 15 horsepower, 220 volts, 
1,200 synchronous rmp Y-connected. 
The constants are, in per-phase values: 


X =(0).46 ohm 
Xm = 8.20 ohms 
r,=0.114 ohm 
rg=0,113 ohm 
R =(),227 ohim 


Then 


R_ (),227 
= — = (),494 
X 0,46 


pth ees 
Ag = em ee () O50 
Ne Se 


tf, 0118 
Ky =— = —— = (),99 
lal 0.114 


150.46 


Q=———— = 42.8 10-5 
ees. : 


T'rom the 3-phase output curves, 
A=13.6 


From the efficieney and power-factor 
curves, 


Efficiency = 89.5% 
Power Factor = 86.5% 


For the full-load phase current, the 
curve value = 0,136 so 


0,136 % 127 37.6 
aa 37.6 amperes 


p 
Irom the speed-torque curve, the values 
at breakdown and starting are 7.7 and 
4.15 respectively so 


127? 


eaten ICG | LAE 
0.46% 1,200 es 
29.2 7.7 = 2265 Ib, ft. 


Breakdown torque = 


at a slip of 26 per cent, 
torque = 29,2 4,2 = 122.8 


The starting 
pound feet, 
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The starting current factor, from the 
curve, is 0.89 so the starting current per 
phase 


9 


1 
=(0.89% 


0.46 = 246 amperes 


Appendix 


In the diagram of Figure 1, Hp represents 
the applied voltage per phase and is taken 
as a reference. OO’ represents the no-load 
current which lags the applied voltage by an 
angle 00. OB represents the blocked rotor 
current lagging the applied voltage by an 
angle Oy. The equation of the line O'B is 


Sa VA 


Xa—~ xy 


y- Nn = (#—%;) (1) 
or 

yy =m(x — x1) 

where m equals the slope of the line. Then 
y= Mx —Mx+- 


Since the co-ordinates of H are 


the equation for /1Z is 
tel 
y—M = —— (4—%,) 
m 
or 
Cue 
ya = fy (2) 
m m 


When y=, equation 2 mayybe solved for X 
or X4. Since y=, 


x4 x 
ye —— + +95 
mm 


and 
xy =x, —91)5 No Syy 
but - 


Figure 3 (left). 

Curves of 3-phase 

power output 
versus “A” 


aa 
i 
aane 
NS 


ww 
NE | 


_ 3 HORSEPOWER OUTPUT x X+Ep 
ol 
a 
POWER FACTOR % 


Beco 
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of 


Figure 5 (right). 
Curves of power 0 24 6 8 10 l2 4 16 18 20 22 
factor versus “A” cAT 


so 
Yo M1 
= (4) 
X2—-X1 


The co-ordinates of O’ and B may be 
found from the no-load and blocked rotor 
tests. These values are: 


we) =I Os 00 
91 =Jo sin 00 
x2=Ig cos Og 


and 
Yo =z sin 03 


An equation which gives x, in terms of the 


co-ordinates of O’ and B may be determined 
by substituting values of x; and y; in equa- 
tion 3. Then 


Hi 2 N+. 
a te (242 —»,) (5) 


The co-ordinates of Z are x, and y, but y= 
and y; is known which locates Z, From the 
diagram, 
T=X4—-X1 


so from equation 5, 


Bs MrT X2 a ile se 
r= apo x1 ™m 52 V1 


or 
X%2—-X1 oi 
Ste (6) 


ai 
i 
ak: 2 


The formulas for the analytical solution 
of the circle diagram are derived as follows: 


CG=r sin A (7) 
O’/Z=r (8) 
GZ=rcos A (9) 


O’/G=AZ—GZ=r—rcos A 
O’/G=r(1—cos A) 
CD =CG+GD 


(10) 


Figure 4 (left). 
Curves of effi- 
ciency versus 


Ha 
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Curves of current 
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Figure 7 (left). 
Speed - torque 


—— a 
= t———| = 
S| 


and current- 


SPEED % SYNCHRONOUS 


PHASE AMPS x X-Ep 


GD = 

CD =(7) 9 (11) 

MN O'M 

EG O'G 

HG =¢ am =r(1—corn A) - ; = 

HG =mr(l=coa A) (12) 

HF 

WG ae (13) 

and KG = NG hE (14) 

io Bfe (15) 
ry le ry 

CH= CG = KG (16) 

(16) =(7) (12) 

PC SEF CE (17) 

(17) =(18)=(16) 

OC's Current /phase (18) 


i ‘{00! C08 (D0 = 00) O'G [84> C D8 


OO! con (D006) =a, 
O'G =(10) 
CD =(11) 


Ty = 'V [wrote (00) P-L) 
Power input to stater/phase = CD sx 

volta/ phase 
Py=(11) Bp (19) 


‘Porque, aynehronous watia/phase = hCX 


volis/phase =(17) XE, (20) 
31) , RF (18) 
Slip, per cent = = 2 
Pil FC (UP) aie 


avo 


torque induction 
motor curves 


SPEED % SYNCHRONOUS 


Figure 8 (right). 
Speed - torque 
and current- 
torque induction 
motor curves 


PHASE AMPS xX=Ep 


Cz (16 
Nflicieney, per cent = CD ait (22) 
CD (11) 
Power factor, per cent =——~ = (23) 
OC (18) 
8-phase output =3 X CE X volts/phase = 
3X(16)XE/ph. (24) 


The foregoing equations may be put in 
terms of design constants by making the 
following substitutions, 


ey = 1/ Xm 
9, = L/tm 
Ny HX /Z* 


yy = ER/Z2 


By substituting these values in the equa- 
tions and assuming that (Z/R,») + (BN /Z.) 
e7'=0,006, the following equations are 
obtained, 


: ’ shat eutiati 
1o KC 1) see equation (4) 


pl a Ke] +m) . Seiit 
C81 Cite 1 Cited 


Dr - 

Qn. 

where P=— 
K 


4 


see equation (6) 


Wi iPs. 
<a ay 9 |sin 4 —m(1—cos A)] 


W=watts output per phase 


nae - P 2 
BE, “i Ky ios (1—cos A ] + 


“ 


Pork Ky |? 
E sin A + ass | 
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x 


sin A—m cos A 
aes oT 


sin A+T(C41) 


| Ket 51 —c0s A) ]+ 


H sper ce ye 
E sin Atar| 
P.F. = 5 
Ve de 
> sin Ate 
Torque XX 


ae Nok 
fp otEesn A—m(1—cos 4] 
2 joteier 


mK;,(1—cos A ) 
(1+4K;,) sin A—m(1—cos A) 


Slip = 


Taking, then, various combinations of 
values for C, Ky, and K;, and using a range 
of values for A in each case, a set of curves 
such as are given here may be plotted, 
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Discussion 


J. S. Gault (University of Michigan, Ann 
Arbor, Mich.): 
a great time-saving method for predicting 
the performance of induction motors, from 
coustants obtained either from design calcu- 
lations or from no-load and locked test read- 
ings. 

I should like to bring up three minor 
questions. : 


Mr. Webking has presented | 


1. The curves of Figures 3 to 6 are 
plotted against an arbitrary parameter “A.” 
Apparently this is measured in degrees for 
the angle shown in Figure 2. Would it not 
be better to label the abscissa scale ‘‘angle 
A-degrees’’? 


2. It is not clearly stated in the paper 
whether the quantity X is the sum of pri- 
mary and secondary reactance per phase or 


the quadrature component of the locked im- 
pedance, which is not quite the same. 


3. The range of maximum efficiency and 
power factor values in Figures 4 and 5 imply 
a somewhat limited range of ratings for 
which the curves in the paper would be us- 
able. I wonder if Mr. Webking would 
state for approximately what range of 
motor ratings these curves would be suit- 
able? 


An Experimental Study of Induction 
Machine End-Turn Leakage Reactance 


E. C. BARNES 


MEMBER AIEE 


Synopsis: There are a number of empirical 
and rationally derived methods described 
in the technical literature for the predeter- 
mination of the end-turn leakage reactance 
of an induction machine stator winding. 
The use of these calculation methods will 
yield widely different results when applied 
to a particular machine winding. Since the 
isolation of the end-turn leakage reactance 
from test results requires extensive and tedi- 
ous experimental work, the designer seldom, 
if ever, has the opportunity to verify the 
accuracy of the calculation method which 
he uses. It is the object of the subject study 
to determine experimentally the actual end- 
turn leakage reactance for a limited size 
range and variety of 3-phase squirrel-cage 
induction motor winding conditions. The 
experimental data are used to evaluate the 
relative accuracy of several published calcu- 
lation methods, and to suggest refinements 
in one of these methods which will permit 
attainment of practical degrees of accuracy 
in design calculations. An empirical calcu- 
lation method published by Alexander Gray 
is found to be more accurate in its predic- 
tions for the range of machine sizes involved 
than any of the other methods considered, 
however, it is limited to use with stator 
windings having only full pole pitch coils. 
Since modern design practice dictates, from 
several considerations, the use of fractional 
pitch coils, it is necessary to develop addi- 
tional empirical data to enable calculation of 
end-turn leakage reactance for this condi- 
tion. The findings of the experimental study 
reveal that the end-turn leakage reactance 
of small integral-horsepower induction 
motors can be determined more simply by 
empirical, or semiempirical methods than 
by any of the rigorously derived methods 
which are currently available. As a subsid- 
iary revelation of the experimental study, 
it appeared that the presence of squirrel- 
cage rotor in the stator bore had no effect on 
the value of stator winding end-turn leakage 
reactance, 


HE accuracy with which performance 
may be predetermined in the basic 
design of an induction machine is largely 
dependent on the ability of the designer 
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to calculate the several components of 
leakage reactance of the machine. One 
of these components is the stator end- 
turn leakage reactance. The degree by 
which this particular component of re- 
actance affects the accuracy of the per- 
formance calculation is dependent on its 
magnitude in relation to all the other 
reactive components. In many cases the 
end-turn leakage reactance may amount 
to as much as one-third to one-half of the 
total leakage reactance of the machine at 
standstill. 


The writings of past designers and the 
expressed opinion of contemporary de- 
signers reflect the viewpoint that the least 
amount of certainty is attached to the 
end-turn leakage calculation when com- 
pared to the other reactive components 
in the machine. In September 1947, each 
member of a committee of seven experi- 
enced induction machine designers in the 
AIEE, employing their best efforts cal- 
culated the various reactive components 
of a particular machine for which dimen- 
sional data were supplied.1. In the com- 
parison of the results, the end-turn re- 
actance calculation results among the 
seven designers were found to vary more 
widely than the results of any of the.other 
significant reactive components in the de- 
sign. The highest calculated value was 
approximately 170 per cent of the low- 
est. It was the informal conclusion of this 
committee that the need for more ac- 
curate methods for the determination of 
end-turn leakage reactance was foremost 
in the induction machine design art. 

Because of the exceeding difficulty or 
impossibility of isolating the test value 
of end-turn reactance from the total value 
of test reactance in a particular design, 
the designer can seldom compare test 
values against calculated values of the 
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individual reactive components of the 
machine. Rather, the sum of the cal- 
culated reactances is compared with the 
sum of experimentally determined react- 
ances, leaving opportunity for wide varia- 
tions among the individual components 
within the total. Therefore, improve- 
ment in the ability to predetermine ac- 
curately the end-turn reactance will per- 
mit detection of inaccuracies, and also re- 
finement, of calculation methods for other 
components of reactance. 

In view of the foregoing, the subject 
study was undertaken for the purpose of 
evaluating several end-turn leakage cal- 
culation methods available to the induc- 
tion machine designer, and to develop 
empirical data for practical design pur- 
poses. Further, these data may be em- 
ployed in conjunction with rigorously de- 
rived relationships to permit a clearer 
physical conception of the end-turn leak- 
age phenomena. 

The experimental study was made on 
stator cores of the size range ordinarily 
used for polyphase induction motors of 
from two to five horsepower rating as 4- 
pole 60-cycle machines. Three-phase, 
double layer, random wound stators with 
semienclosed slots were used throughout 
the study. The stators were wound, suc- 
cessively, with windings having three 
different values of pole pitch for each of 
the 2-, 4-, and 6-pole conditions. 


Leakage Reactance Components in 
the Squirrel-Cage Induction 
Machine 


The basic design process for an induc- 
tion machine for the purpose of predeter- 
mination of performance, entails the 
calculation of several resistive and reac- 
tive circuit components which are gov- 
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erned by the winding and the detail phys- 
ical dimensions of the active core ma- 
terial. Generally, these calculations are 
made on a per-phase basis, and include the 
eonstants identified in the approximate 
equivalent circuit shown in Figure 1(A). 
Precise treatment of the excitation path 
(X,, R.) requires that it be shunted across 
the secondary circuit composed of X; and 
Rin series, however, for most design pur- 
poses the error committed by placing the 
excitation admittance as shown in Figure 
1(A) is not commensurate with the addi- 
tional calculation required for precise 
treatment. 

The elements of X;, R;, X2, and R., 
composing the locked-rotor or stationary 
impedance are each calculated using par- 
ticular electric and magnetic circuits in 
the machine. It is the stator reactance 
which embodies the stator end-turn re- 
actance as a component, therefore, prior 
to a detailed consideration of the end- 
turn reactance, the reactive components 
of the stator will be enumerated. 

The machine reactance is composed 
principally of the following components: 


1. Stator slot leakage. 

2. Rotor slot leakage. 

3. Differential or airgap leakage. (a) 
Zigzag leakage. (b) Belt leakage. 

4. End-turn leakage. 


Each of these has been treated ex- 
tensively from a theoretical point of view 
in the technical design literature, how- 
ever, a review of the factors affecting the 
end-turn leakage reactance will assist in 
defining the current problem. 


End-Turn Leakage 


The end-turn leakage flux is composed 
of both fundamental frequency and 
higher order space harmonics which link 
the unembedded portion of the stator 
conductors extending from pole to pole 
beyond the ends of the active core ma- 
terial. These fluxes are caused by the 
magnetomotive force of the end-turn 
windings, acting principally on air paths. 
In linking the end-turn conductors, re- 
actance voltages are generated which are 
reflected as ohmic reactance in the stator 
winding. Because the end-turn leakage 
flux paths are almost all, if not totally, in 
air, the flux bears a constant relationship 


to the current in the end-turn conductor: 


that is, itis unaffected by magnetic satu- 
ration, and the inductance of the end-turn 
is practically constant for wide ranges of 
machine excitation. 

The length of the end conductor is de- 
pendent on the diameter of the stator 
bore, the number of poles of the winding, 
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and the pitch of the winding with respect 
to full pole pitch. Increases in any of 
these necessitates the use of increased 
length of end conductors; and results in 
increased flux linkages, and consequently, 
increased reactances. Because the end 
conductors are not active in the produc- 
tion of torque in the machine, their length 
is held as short as practical in the interest 
of reducing reactance and losses. 

The geometry of the coil cross-section, 
that is, the ratio of depth to width, will 
affect the flux linking the coil for a given 
current flowing init. For random wound 
coils (as contrasted with form wound 
coils) the shape of the cross-section of the 
end portion of the coil is generally dif- 
ferent than in the slot portion due to its 
tendency to ‘“‘nest’’ with other end con- 
ductors. 

The shape of the end portion of the 
coil will also affect its reactance. Random 
wound coil ends may depart materially 
from their original ‘“V’’ shape when they 
are wound in the stator core and shaped 
to produce a flared bell-shaped coil head. 
On most windings the coil extends for a 
short distance straight out from the core 
before it is bent at an angle to proceed to 
the next pole. The flux linkages of this 
straight portion will be different from 
those elsewhere in the end connection. 

Most wound cores are not mounted in 
nonmagnetic surroundings, but rather, 
are surrounded by the machine frame 
structure and air deflecting baffles of 
magnetic material. If these magnetic 
structures are close to the coil ends, the 
end-turn leakage flux will be greatly in- 
creased. 


Background 


A summary of the approaches of 
several writers warrant inclusion here 
from the standpoint that they provide the 
basis for most calculation procedures now 
in practical use. 

C. A, Adams applied the work of several 
others toward the development of a prac- 
tical end-turn reactance solution.2? He 


viewed the two end portions of a stator | 


coil as constituting a circular coil in air, 
and then applied rationally derived pro- 
cedures to determine the inductance of the 
circular coils when they were arranged 
physically to simulate the coil end pat- 
tern of the double-layer wound induction 
machine stator. Because of the com- 
plexity introduced when all the physical 
factors of this arrangement were ac- 
counted for mathematically, and because 
the assumed circular coil end did not 
closely enough approach the actual shape 
of the coil end, Adams found it necessary 
to rely heavily on empirical data in the 
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calculation of end-turn reactance by, his 
method. 

An entirely different approach to the 
problem was made by P. L. Alger in a 
paper’ applying principally to synchro- 
nous machines, however, the basic think- 
ing is also applicable to induction ma- 
chines. In this approach, the currents 
flowing in the end-turns were resolved 
into axially and peripherally directed 
components with respect to an axis coin- 
cident with the shaft of the machine. The 
reactance attributed to each of these 
components of current was solved ac- 
cording to basic electromagnetic theory, 
and the sum of the two reactances was 
deemed to be the end-turn reactance. 
With the inclusion of several practical 
assumptions, a concise end-turn leakage 
formula resulted. The development 
probably constituted the most complete 
rational approach, and least cumbersome 
result up to that time (1928), and, when 
applied to synchronous machine with form 
wound coils, yielded a practical answer 
for several conditions for which experi- 
mental data on coil-end leakage were 
available. 

Later, J. F. H. Douglas conceived and 
outlined a novel rational approach for the 
end-turn reactance development.’ How- 
ever, it was not his object to carry out the 
actual development, but rather to sug- 
gest the mathematical tools which could 
be used. 

B. H. Caldwell, Jr., following Douglas’ 
suggestions,® visualized the coil ends of 
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Figure 1. (A) Approximate equivalent circuit 
per phase for the induction machine - 


(B) Approximate equivalent circuit per phase 
for a finite core length induction machine 


(C) Equivalent circuit for an induction ma- 
chine having zero core length 
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‘the winding as developed in a plane. By 
“the use of image conductors carrying re- 
flected currents he was able to solve for 
the magnetomotive force and the flux 
existing in the region of this grid of end 
conductors. The solution for the reac- 
tive voltages induced in the end connec- 
tions overcame the rather troublesome 
- matter of limits and end conditions by 
employing Rayleigh flux conducting and 
flux insulating partitions. The partitions 
were established to permit integration of 
flux-ampere linkages only in the region of 
the current grid which was represented 
by real, rather than image conductors. 
Since the development was made prin- 
cipally for the synchronous machine, 
Caldwell carried the analysis further to 
include the effect of stray flux from the 
excited field structure. 

Another approach by Gray qualita- 
tively analyzes end-turn reactance in 
terms of the ampere-flux linkages per unit 
length of a belt of end conductors.” This 
method openly depends on empirical 
methods for calibration, however, the 
experimental results of the subject study 
indicate that Gray’s empirical calibration 
applied only to coils having full pole 
pitch. _ 

The foregoing examples represent sev- 
eral rational and empirical approaches to 
the end-turn leakage problem, however, it 
is not intended to represent them as being 
exhaustive of attempts or manner of ap- 
proach covered in the technical literature. 
These examples are, however, sufficiently 
basic and unique to justify their mention 
over others. 


Experimental Approach 


After careful consideration of the ob- 
jects and motivation of the current study, 
a method for the measurement and isola- 
tion of end-turn leakage reactance was 
selected which most closely approached 
actual conditions in a 3-phase induction 
stator winding intended for use with a 
squirrel-cage! rotor. Fundamentally, it is 
desired to separate the end-turn com- 
ponent of leakage reactance from the 
other components of reactance in the core 
portion of winding which are directly 
proportional to core length; the end-turn 
reactance is constant and independent of 
core length. Therefore, if the test value 
of reactance for several machines differing 
only in core length is known, the react- 
ance per-unit length of the embedded por- 
tion of the winding can be determined. 
The core portion of the total measured 
reactance for each condition can be sub- 
tracted from the total measured reactance 
to yield the end-turn reactance. Prac- 
tically, the end-turn reactance is deter- 
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mined directly by plotting the total 
measured reactance against core length 
for several machines and extrapolating 
the curve to zero core length. The inter- 
cept on the reactance scale at zero core 
length is the end-turn reactance for the 
particular end winding condition apply- 
ing to the test machines. 

For this method to be applicable, the 
windings for all cores must have the same 
pitch, same placement in the slot, and the 
end-turns must be as nearly identical as 
possible in shape and location relative to 
the core boundaries. Special effort must 
be made to assure that the reactance per- 
unit length of core will be the same for the 
several core length machines. This re- 
quires the use of laminations having 
identical slotting with respect to quan- 
tity, location and dimensional detail, and 
the length of airgap on all machines must 
be held to very close limits in order that 
variations in magnetizing and differ- 
ential leakage will not distort the extra- 
polated result. The windings for the dif- 
ferent core length machines need not have 
the same number of turns per coil since 
this can be accounted for, however, it is 
essential that the shape and area of the 
coil cross-sections be the same. Because 
differences in the degree of saturation of 
magnetic paths in the laminated iron core 
will markedly affect the reactance per- 
unit length of embedded conductor, it is 
necessary that the total reactance for each 
of the several core lengths be determined 
at comparable values of core saturation. 
Further, this is necessary so that the value 
of magnetizing reactance will also be con- 
stant per-unit length of core, that is, will 
vary directly with core length. 

Figure 1(B) represents one phase-to- 
neutral of the exact equivalent circuit 
diagram for a polyphase induction ma- 
chine with a finite core length and having 
a short circuited squirrel-cage rotor. Re- 
sistance elements of the circuit are de- 
noted by the letter R and inductive re- 
actance elements by X. The subscript 
“1”? denotes stator components, and “2” 
rotor components. The letters v and f 
embodied in the subscripts refer to 
whether the particular circuit element is 
variable or fixed, respectively, as the core 
length of the machine is varied. 

The physical elements in the machine 
represented by the symbols in Figure 
1(B) are: 


Riy=resistance of the portion of the stator 
winding embedded in the slots of the 
core 

Riy=resistance of the end-turn portion of 
the stator winding 

Xi,=reactance of the portion of the stator 
winding embedded in the slots of the 
core 
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Xif=reactance of the end-turn portion of 

the stator winding 
»=Magnetizing reactance 

Roy =resistance of the rotor bars embedded 
in the rotor core 

Roy=resistance of the rotor short-circuit- 
ing ring 

Xo, =reactance of the rotor bars embedded 
in the rotor core 

Xey=reactance of rotor short-circuiting 
ring 

Z,=total impedance of the machine 


= V (Rot Ri)*+ XetXy)?+ 
XoV (Reo+Rep)?+(Xgo+ Xp)? 
Xot+-V (Roy + Ray)? + (Xoo + Xa)? 


In Figure 1(B), the assumption is made 
that the conductance of the excitation 
path (generally shown in parallel with the 
magnetizing susceptance) is infinitely 
large and therefore is not shown in the 
circuit. For low values of excitation 
under the stationary rotor condition this 
is a practical assumption and the error 
introduced by such treatment is small. 
The conductance branch of the excita- 
tion path, when used, is inserted to ac- 
count for core loss in the magnetic core. 

As the length of the core approaches 
zero, all elements of the circuit, Figure 
1(B), bearing the subscript “v’’ will ap- 
proach zero and Figure 1(C) becomes 
true. 

The physical significance of the short- 
circuit across the rotor impedance in 
Figure 1(C), as the magnetizing imped- 
ance becomes zero, is that the entire 
voltage impressed across the stator under 
this condition is consumed in the stator 
resistance and reactance drops. Only 
stator end-turn winding leakage flux is 
present in the machine; no magnetizing 
or rotor leakage flux exist by reason of the 
premise that the core and airgap section 
have become zero, theoretically. 

The total impedance of the circuit in 
Figure 1(C) is: 


Wan Rey (2) 


which is, virtually, the impedance of the 
end-turn portion of the stator winding 
from which the reactance component is 
readily separable. 


Experimental Equipment 


STATOR CORES 


Throughout the experimental program 
four stator cores of 1/2, 1, 2, and 4 inches 
length respectively were successively 
wound, tested, stripped, and rewound 
with the various winding combinations, 
The cores were jig-stacked to desired 
lengths and welded axially at their outer 
periphery at eight points in order to main- 
tain dimensional stability during the 
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Close-up view of coil head and 
airgap section of wound stator 


Figure 2. 


testing operations. The laminations com- 
posing the core were punched from 26- 
gauge core-plated silicon steel by a mul- 
tiple-slot die which inserted all slots in a 
lamination upon one stroke of the punch 
press. This assured that the laminations 
in all of the cores were identical for prac- 
tical purposes. The outside diameter 
of the laminations was 85/s inches, and 
the inner bore was 51/2 inches in diameter. 
The 36 equally spaced slots were of semi- 
enclosed type having an opening at the 
gap of 0.11 inch. The main body of the 
slot was parallel-sided 0.30-inch wide ex- 
tending radially to a depth of 0.85 inch 
into the stator lamination from the gap 
diameter. 

Considerable care was exercised in all 
steps of manufacture of the stator cores 
in order that they be as nearly identical as 
practicable except with respect to length 
of stacking, 


STATOR WINDINGS 


Twenty-eight sets of 36 coils were pre- 
pared in order to study seven different 
winding conditions on the four different 
core length stator cores. The winding 
conditions are shown in Table I. 


Table |. Experimental Winding Conditions 


eS Coil Pitch 
Winding Stator (Decimal of 
Condition Poles Full Pole Pitch) 


-66 
-50 
-1.00 
0.66 

-44 
-00 
-66 
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The four sets of coils for each winding 
condition were wound having, as nearly 
as practicable, identical end-turn exten- 
sion dimensions. The portions of the 
coils which were to be embedded in the 
stator cores had lengths corresponding to 
the four stator core stacking lengths. In 
preparing the stators for test, the coils 
were placed in the insulated stator slots 
and secured with maple wedges 1/,-inch 
thick. For all pole and pitch combina- 
tions, the coils were connected 3-phase 
Y series circuit. After placing the coils 
in the slots and connecting them, the coil 
heads for all of the four different core 
length stators for a given winding condi- 
tion were shaped to meet the same profile 
gauge. Figure 2 shows one of the wound 
stator cores. 


ROTOR CORES AND WINDINGS 


Four rotors were constructed having 
the same core length, respectively, as the 
stator cores. The rotor laminations were 
punched from 26-gauge core-plated silicon 
steel with a multiple-slot die having 45 
equally spaced slots and a centerhole for 
receiving the motor shaft. The slots were 
of the totally-enclosed type 0.370-inch 
deep and 0.165-inch wide and the center- 
hole diameter was 19/1, inches. The 
rotor windings (bars and end rings) were 
pressure die-cast from molten aluminum 
into rotor core stacking with the rotor 
bars skewed approximately 100 per cent 
of a rotor slot pitch. 

The outside diameter of the rotors was 
machined to a diameter of 0.02 inch 
smaller than inside bore diameter of the 
stators in order to produce a single airgap 
of 0.01 inch when the rotors were placed 
in the stator bores. After the machining 
operation on the rotors the bars in the 
slots remained covered with a bridge of 
steel 0.005-inch thick. Because the sta- 
tors and rotors were to be tested together 
without benefit of a shaft and bearing to 
locate the rotor centrally in the stator 
bore, a layer of 0.01-inch thick fiber was 
cemented to the outside surface of the 
rotor to serve as a spacer between the 
rotor and stator during testing. 


Experimental Tests 


Four stators, one of each core length, 
constituting a particular winding condi- 
tion in number of poles and pitch were 
prepared for test at one time. Balanced 
3-phase 60-cycle voltages were applied to 
the stator winding terminals and measure- 
ments of voltage, power, and current 
were made and recorded for the locked 
rotor condition. Measurements were 
made for 10 to 15 values of applied volt- 
age ranging from approximately 5 per 
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Figure 3. Wound stator with rotor arranged 
for test 


cent to 20 per cent of the excitation which 
would be applied to the core under normal 
operation as a motor. The ohmic re- 
sistance of each stator winding was meas- 
ured from terminal to terminal and the 
winding temperature and resistance re- 
corded. 

Each stator winding was tested first 
with a rotor of corresponding core length 
in place in the stator bore. The rotor was 
then removed and the test repeated on 
the stator winding for approximately the 
same range of applied voltages. 

To facilitate testing and also to elimi- 
nate extraneous effects of the proximity 
of magnetic materials, the stators were 
mounted in a wooden fixture as shown in 
Figure 3 during the conduct of the sta- 
tionary impedance tests. 


Treatment of Experimental Data 


For each of the 56 tests (with and with- 
out rotor in the stator bore), values of 
current and power input were plotted 
against voltage and smooth curves were 
drawn through the plotted points. Using 
equations 3, 4, and 5, values of phase-to- 
neutral reactance were calculated for the 
same range of voltage used in the ex- 


Table Il. Experimental Values of End-Turn 
Leakage Reactance 
Experi- 
mental 
End-Turn 
Leakage 
Wind- Length Reactance 
ing Coil End.» Ohms Per 
Code Poles Pitch Cond. Phase — 
Dr Ioytic Dit vaytere ORB Sarin Tae Bue 
Biveahsis YER EN OBB. erates LL Ome 9.3 
(OR Saas caer ie 0.44...... 4.1... 1.6 
IDexaivei A Neyatereta COB E yoc at Di Bate 3.3 
Bcc Ae jake ces OO sr reve Cd 4.6 
Kove Gite ere O\O6c. ener 4.1.. 1.6 
Gites ates Bi jaincutsp i OO petted 5.2.. 2.8 
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perimental tests. These values of react- 
ance were also plotted against voltage 
impressed across the stator terminals. 
Figure 4 is an example of one of these 
curves. 


Z=— (3) 


=a (4) 


where 


Z =total impedance per phase 
R=total resistance per phase 
X =total reactance per phase 
V =line voltage 

W =total watts input 

J =line current 


In Figure 4 it is noticed that the re- 
actance determined by equation 5 varies 
quite widely with voltage because of 
saturation of leakage flux paths in the 
core. Comparison of the values of re- 
actance from tests on the several lengths 
of cores for a particular winding condition 
must be made at comparable degrees of 
core saturation. This was accomplished 
by arbitrarily choosing a value of winding 
magnetomotive force and determining the 
reactance values of all four lengths of 
cores at this value of magnetomotive 
force. Because coils for the different 
winding conditions studied were not all 
wound with the same number of turns, it 
was necessary to refer all reactances to a 
common number of turns per coil before 
comparisons could be made. Throughout 
this study and data analysis 30 turns per 


VOLTS 


5 10 15 20 OHMS 
04 08 1.2 1.6 AMPERES 
20 40 60 80 WATTS 


a 
ol 

0 

0 

0 


Figure 4. Experimental data and reactance 
curves 


Dotted curves—without rotor 
Solid curves—with rotor 

W =total watts input 
/=current per terminal 
X=reactance; ohms per phase 
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Table Ill. 


Comparison of Calculated and Experimental End-turn Reactance 


ee 


Calculated Values (%) 


Winding Experimental Value Method 

Condition Poles Pitch Ohms Per Cent I* II* Ill* Iv* 
AU Teste cieishae Beware OS. aaa BINS es» Nerang LOO Piha USL Os Keto lnists G8 a5.ee ViGss <a 113 
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BD inated er OGG retscestrat nae Ena eke LOW ec ternerta « Cy Re ae LS eee ROD seas 73 
Riis ete 5s On atene DA | ee ete ee CAG ie OOS oA so. 169s. ee St om OOM era 70 
I irae (EVs nae Geen creanine Abe en ree 1 3) eR Pe ee ee SB. gas. Dae eres WS ces 67 
Qieenvcarers Citar ere OO! Srorereprnctar sect eter ara te ds TOOT eet oe Core DEB creiacuve Gibacicciare BS sagas 3 51 


* Method I—Caldwell,* Method II1—Alger,4 Method II1I—Gray,? Method IV—Kuhlmann8 


coil were chosen as the common denomi- 
nator. The reactances will vary as the 
square of the turns per coil. Accurate 
determination of the mean length of the 
conductors comprising the windings was 
accomplished by computations involving 
the measured resistance of the winding 
and the resistance per-unit length of the 
magnet wire with which the coils were 
wound, 

The end-turn leakage reactance for a 
given winding condition was determined 
by plotting test values of reactance for 
each of the four lengths of cores against 
the core lengths in inches. Figure 5 is an 
example of one of these curves. A sum- 
mary of the experimentally determined 
end-turn reactances is shown in Table 
II. In each instance the reactance is re- 
ferred to 30 turns per coil. It is signifi- 
cant to note that the end-turn reactance 
determined from test data taken with the 
rotor in place in the stator bore was in- 
distinguishable from that determined 
from test data taken when the rotor was 
not in the stator bore. In other words, 
the presence or absence of the rotor in the 
stator bore did not affect the value of end- 
turn reactance. In future studies of end- 
turn reactance, knowledge of this fact 
will permit avoiding the troublesome ele- 
ment of leakage flux path saturation. 


Comparison of Experimental Results 
with Calculated Results 


The end-turn reactances of the winding 
conditions studied experimentally were 
calculated by each of four published cal- 
culation methods. A comparison of these 
calculated values with the corresponding 
experimentally determined values is 
shown in Table III. The experimental 
values are arbitrarily designated as 100 
per cent in the tabulation and the cal- 
culated values are expressed as percent- 
ages of the experimental values. 

A detailed analysis was made for each 
calculation method in an effort to deter- 
mine a significant correlation of the de- 
partures between the caleulated and ex- 
perimental results. The conclusion is that 


P 


Method III (Gray) most consistently 
accounts for the physical phenomena oc- 
curring in the generation of reactance 
voltages in the winding end-turn region 
for the variety of winding conditions 
studied. 


Analysis of Gray’s Method (III) for 
Calculation of End-Turn Leakage 
Reactance 


Notwithstanding the relatively better 
over-all agreement of test and calculated 
values of end-turn reactance by Gray’s 
method compared with others, it is sig- 
nificant that the departures from the ex- 
perimental values are greater as the 
values of winding pitch depart from full 
pitch. In view of this further examina- 
tion of Gray’s method (equation 6) ap- 
pears warranted. The derivation of this 
formula is included in Appendix I along 
with the identification of mathematical 
terms. 
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Figure 5, Curves of reactance versus core 
length 


Curve A—with rotor 
Curve B—without rotor 
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L, 
X ona = Qf b4e2Ky Pn E ‘ x 


10-8 ohms per phase (6) 


The value of $,£,/2n must be deter 
mined from an empirical curve relating 
dyle/2n and the pole pitch in inches, 

Study of Table IIT suggests these data 
were established for the case of full piteh 
winding only, This is not necessarily 
inferred from the discussion accompany « 
ing Gray's disclosure, however, it is 
strikingly evident when the results of the 
current study are analyzed, When 
values of ,L,/2n determined from ex 
perimental results are plotted against 
pole piteh (in inches) not one, but rather 
a family of curves results wherein each 
curve corresponds to a particular value of 
winding pitch, Figure 6. In Gray's dis 
closure only the curve for the 100 per cent 
pole piteh condition is given, Sinee good 
design practice from the standpoint of 
airgap harmonic flux and, in the case of 
larger machines, ability to design the 
winding to secure proper values of pole 
flux require use of fractional piteh wind. 
ings, the end-turn reactance cealeulation 
should be adaptable to this condition, 

Another 
method arises from the lumping of the 
term 1, with , in the empirical curve, If 
it can be achieved simply, it is desirable 


limiting feature of Gray's 


that an end-turn caleulation method per- 
mit evaluation of the effeets of independ 
ent variations in Ly for a given pole piteh 
and coil span, Otherwise, it is necessary 
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Figure 6, Empirical end-winding constant 


versus pole pitch 


Curve A=Coils having 100 per cent pole 
pitch (also Gray's curve) 

Curve B—Coils having 66 per cent pole pitch 

Curve C—Coils having 50 per cent pole pitch 
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to produce a family of curves involving 
d,L,/2n for which each curve of the 
family corresponds to a particular rela 
tionship between L, and coil pitch, Tig 
ure 7 is a curve of the relationship be- 
tween L, and coil piteh for the experi- 
mental windings used in the subject 
study, Different manufacturers, or even 
different designs of a given manufacturer 
will not necessarily follow a particular 
curve relating L, and coil piteh, there 
fore, flexibility in an end-turn ealeulation 
method to account for this is desirable 
for a uniform degree of caleulation ae 
curacy among a variety of winding eon 
ditions, 

In an attempt to determine how coil 
piteh and L, might be accounted for inde 
pendently, equation 6 was solved for 
values of @,/2n using experimental values 
of Kou and Ly When these values of 
>, /2n were plotted against pole piteh, no 
distinguishable relationship between 
b,/2n and coil piteh, for a given pole 
pitch, resulted, However, when o,L,/2n 
was plotted against pole pitch, and the 
coil pitch for the particular points noted, 
Nigure 6, an individual curve may be 
drawn through the points corresponding 
to each particular value of coil piteh, 


This points out that, for the range of 
machines studied .L,/2% does not vary 
direetly as 1, when all variables are held 
constant The measure by 
which dp/,/2n departs from a direet re 


except Lys 


lationship with L, appears to be greater 
for shorter values of coil and pole piteh, 
A study of Migture 7, the relationship of Ly 
and coil piteh, indicates that this result 
nay be expected, since for the smaller 
values of coil piteh, 4, departs in in- 
creasing degree from being a direet tune. 
tion of coil pitch, 
the necessity of permitting the coil con. 
ductors to extend axially some distance 


This is oceasioned by 


beyond the core before proceeding pe 
ripherally to the next pole of the winding; 
for still smaller values of coil piteh, the 
cross-section of the coil itself becomes 
large relative to the coil pitch length and 
requires lengthened 1, with respect to 
coil pitely, 

‘Toward further evaluating the varia- 
tion of Yona with changes in ZL, attempts 
were made to correet the end-turn react: 
ance of several stator windings having 
lengthened and shortened values of coil 
head length by the direct ratio of Ly. 
This treatment resulted in a much too 
great change in the value of X ya when 
compared with test values, Again this 
points out that, for the sizes of machines 
dealt with in the experimental study, 
Nowa i8 not directly proportional to Ly 
when other conditions are held constant 


\ 


4 


for a particular winding condition, When 
this manner of correcting for differences 
in L, was applied to a machine having 
15.5 inches pole pitch, the resulting Xena 
appeared very reasonable when compared 
with experimental results, For this 
machine the relationship of L, and coil 
pitch is essentially a straight line, 

These two instances suggest that Xena 
may vary directly with L, when the 
machine is large enough to permit L, to 
vary directly with coil pitch length, The 
experimental data taken for this paper do 
not encompass a wide enough range of 
machine sizes to verify this postulate or to 
define limits of its applicability, 


Conclusions 


In fulfillment of one of the stated ob- 
jects of the study, that is, the recommen- 
dation of an improved method of end-turn 
reactance calculation for practical design 
purposes, the writer recommends use of 
equation 6 for which the term ,L,/2n 
is determined from Figure 6. When ap- 
plied to windings having random wound 
coils and with end-turn lengths compar- 
able to those shown in Figure 7, this 
method of calculation will yield values of 
endeturn reactance which are of entirely 
adequate accuracy for practical design 
purposes, It is the opinion of the writer 
that values of end-turn reactance so cal- 
culated will be within 5 per cent of ex- 
perimentally determined values, 

When end-turn lengths are encountered 
which are not comparable to those shown 
in Figure 7, it is recommended that the 
end-turn reactance be corrected directly 
as the first power of the ratio of the actual 
end-turn length to the end-turn length 
given in Figure 7, For stators having 
bore diameters of less than 8 inches the 
end-turn reactance should be corrected 
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Figure 7. Length of end-conductor versus 
coil span for experimental stators 
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directly as the square-root of the ratio of 
actual end-turn length to the end-turn 
length shown in Figure 7. 

From analysis of the experimental data 
several additional observations regarding 
the nature and treatment of end-turn 
reactance appear warranted. These are: 


1. The effect of a squirrel-cage rotor in 
the stator bore is to produce very little, if 
any, change in the end-winding reactance 
of the stator from that which exists when 
the rotor is not in the stator bore. 


2. There is some evidence that for very 
short core lengths, the end-turn reactance 
is greater than for longer core lengths, due 
to mutual linkages of the end-turn flux. 


8. The end-turn reactance for a given core 
and winding condition does not vary directly 
as the end-turn length in machines having 
gap diameters less than approximately 8 
inches. 


4. Because of the relationship between 
end-turn length and coil pitch length, and 
because of the inexactness of the coil end 
shape, the predetermination of end-turn 
reactance for small machines is most easily 
accomplished by empirical methods. 


Areas for future experimental study are, 
in their probable order of importance: 


1. Effect of varying length of end-turn 
conductor when all other elements are held 
constant. This should be done for a wide 
range of machine sizes. 


2. Effect of magnetic material, such as end 
shield and air-directing baffles, which are 
normally in close proximity with the end- 
windings in actual machines. 


8. Detailed analysis of the several ration- 
ally developed formulas in light of the ex- 
perimental data revealed in this study in 
order to determine if the theoretical ap- 
proach should be modified to conform with 
physical fact. 


More accurate and reliable methods 
for determination of end-turn reactance 
for all sizes of machines are necessary for 
progress in the induction machine design 
art, not only from the viewpoint of end- 
winding reactance alone. Objective study 
of slot and differential reactance com- 

it 


Discussion 


J. S. Gault (University of Michigan, Ann 
Arbor, Mich.): Since the 1947 meeting in 
Dayton, when this paper was promised, we 
have been awaiting its appearance with 
much interest. I wish to ccngratulate the 
author on a job well done and also express 
gratitude for the considerable amount of 
time and energy expended in carrying it 
through. I do not wish any of my further 
remarks to be taken as detracting from it in 
any way. 

1. I wish one more column had been 
added to Takle III of the paper to show the 
calculated value using the Barnes’ formula.® 
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ponents is contingent on reducing the 
relatively large and unknown variations 
which have been attributed to the end- 
winding reactance. Therefore, the end- 
leakage problem is not an isolated portion 
of the total design function, but rather 
an inter-related key element, without 
knowledge of which, the other elements 
cannot be determined for a wide number 
of design conditions. 


Appendix |. Derivation of 
Gray's Formula for End-Turn 
Leakage Reactance’ 


In his consideration of end-turn leakage, 
basically Gray reasoned that, 


Xend = K (pele) (7) 


where 


Xena =end turn reactance 

¢-=lines of magnetic force linking one inch 
length of the belt of end connections 
per ampere conductor in the belt 

L,.=length of one end-turn in inches, core 
to core 

K=constant involving units, frequency, 
turns of winding, and so forth. 


The term ¢, will vary inversely as the 
length of the path it traverses, that is, will 
vary inversely as the distance around a 
pole-phase belt of end connections. This 
length is directly proportional to the airgap 
periphery and inversely proportional to the 
number of poles and phases, therefore, 


; - pn 
ge is proportional to —= and, 


wv 


yh is proportional to nia but, 
n wD 


P 1 ge . Z 
— =——— alld, — is proportional to 
aD pole pitch n 
1 

pole pitch 
where 
n =phases 
p=poles 


D=gap diameter in inches 


When ¢,/n is substituted into equation 7, 


: - (bel 
Won jiste (ele) (8) 
n 

When the proper units and winding con- 
stants are inserted, 


Ae 
Xena = 2nfb2c2K p2pn | id “|x 
2n 


10-8 ohms per phase (9) 


where 


f =frequency 

b=conductors per slot 

c=slots per pole per phase 

Ky =pitch factor =sin (6/2) 

@=coil pitch angle in electrical degrees 

p=poles 

n =phases 

oe=lines of magnetic force linking one inch 
length of the belt of end connections 
per ampere conductor in the belt 

L.=length of end-turn conductor in inches, 
core to core 


Gray frankly recognized that the fore- 
going qualitative analysis required quanti- 
tative calibration by empirical means, 
therefore, he determined from experimental 
data a curve relationship between ¢.L./2n 
and pole pitch.7 
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This is not necessarily the same as the test 
value. For winding condition D, I com- 
puted 94 per cent which is the same value 
as shown by Method I, for example. 

2. Formula 6 should be divided by the 
square of the number of parallel paths in 
the winding, otherwise it gives a value four 
times too large for a parallel winding. I 
tried it out on a certain motor with 48 slots, 
stator bore 7.135 inches, 14 turns per coil, 
5/, pitch, L~=8.3 inches, parallel-Y con- 
nection, From design data and locked test, 
the value of end-turn reactance appears to 
be 0.437 ohm, which will be called 100 per 
cent. By the corrected Barnes’ formula, I 
compute 0.472 or 108 per cent; by Kuhl- 

.mann’s formula, which is the same as 
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Alger’s formula in the Standard Handbook, 
81 per cent; by Alger’s 1928 formula as 
used in the paper, 83 per cent; by Gray’s 
formula, 109 per cent. For this case at 
least, Barnes’ formula comes closer than 
any of the others, and has the advantage 
of simplicity. Because the pitch is not 
very short, this formula does not give a 
value very different from the value given by 
Gray’s formula. 

3. From theoretical considerations, it 
appears that Ky, should be used in the 
formula rather than Kp*. For the values 
of pitch used in the paper, the value is the 
same, but for 5/6 pitch, Ks: =0.875 while 
Ky*?=0.933. Making this change the end 
reactance ok the above motor comes out 
a 
677 


0.442 ohm or 101 per cent. I should like 


to see the formula written: 


QrfW?K sn geLle 
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where W=series conductors per phase and 
eL,/2n is obtained from Barnes’ curves in 
Figure 6. 


P. L. Alger (General Electric Company, 
Schenectady, N. Y.): The author has made 
a very worthwhile contribution to our 
knowlédge of induction machine reactances, 
as he has provided us with accurate and well- 
documented test data of unique value. 
In my view, the best way to calculate react- 
ance is, first, to derive a formula which is 
correct from a dimensional viewpoint, in- 
cluding all of the important parameters, and, 
second, to calibrate this formula by com- 
parison with test results. In the process of 
calibration, it is, of course, desirable to 
simplify the formula, using approximations 
suited to the particular type of machine for 
which the formula is intended. The formu- 
las given in my 1928 Institute paper,' which 
the author employed in calculating column 
II of Table III in the paper, were derived for 
large synchronous machines, and were ad- 
justed for this purpose. 

There is given a very simple formula for 
end reactance, intended for polyphase in- 
duction motors, in Section 7 of the Standard 
Handbook for Electrical Engineers.? This 
formula is: 


_AfgDN?K a 


xem opi ohms per phase 


where 


f =frequency 

q=number of phases 

d=air gap diameter 

N =turns in series per phase 
P=poles 


The values given by this formula for the 
seven tests in the paper are listed in column 
IV of Table I of this discussion: It will be 
noted that these values are a little too high 
for two poles and considerably too low for 
six poles. A much more complete and exact 
formula, which I have developed, gives 
results shown in column V of the table. 

In applying this more complete formula 
to the motor described by Mr. Barnes, I 
have assumed that the end windings extend 
axially to an effective distance of 3/4 inch 
beyond the iron on each end, and that the 
angle at the bend of the coil is 60 degrees. 
These values check the end conductor 
length given in Table II of the paper. By 
dividing each of the given lengths by the 
pitch and multiplying them by the number 
of pairs of poles, the equivalent end con- 
ductor length of a 2-pole full pitch machine 
is found to be closely 11.5 inches for all of 
the windings except B. For the B wind- 
ing, the corresponding figure is 14.2 inches, 
indicating that this particular winding was 
in some way out of line. (After the meeting 
Mr. Barnes told me that, observing this 
condition, he had a new B winding made, 
for which the end conductor length was 
found to be 9.2 inches, instead of 11.0 


inches; and the end turn reactance 8.5 
instead of 9.3 ohms.) 
eae a 
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Table | 7) 


Reactance by 


Winding Handbook Complete 
Condition Poles Pitch Formula Formula Test 
Gi Sitters ornenercterstots BIO Vos phets canteen 5.7 
LO 2isnaemenen sia Qv4ece cee 9.3 (8.5) 
Fee SeGoe enc LG sscrarete ro eee 1.6 
PARR Aas oi Jaco Bl Sr occ ccretaie ee 3.3 
bie Bao camdoculS yO Maser oc: 4.6 
ie ee Soetssces 1S eee D 1.6 4 
EAD Wantetonteaiateret 2.5 


The reactance due to the straight portion 
of the core is calculated from the relation 
that the radial flux in an air core is equal to 
Pg/D times the flux produced in a normal 
rotor,where P =number of poles, g=normal 
air gap, and D=air gap diameter. This 
gives an air core reactance value equal to 


5.44LKp? 


ohms 
IP 


where L=core length, and P=number of 
poles. 

In addition to this air core reactance, 
there must be added the slot reactance of 
the stator, which for this particular ma- 
chine is 0.89 LK s, ohms per phase, for the 
dimensions given by the author. For the 
particular case of the 4-pole full pitch 
winding, shown in Figure 5 of the paper, 
this formula gives a reactance for the 4 
inches of core length with rotor removed 
equal to 


5.44 
4 ee =9.0 ohms 


which compares favorably with the test 
value derived from Figure 5 of the paper, of 
9.5 ohms, approximately. 

In the complete formula for the reactance 
due to the end connections, there are two 
terms, one for the reactance due to axial 
currents, and the other for that due to 
peripheral currents. Each of these terms 
has the form of a difference between the 
total flux produced by the currents and 
that portion of it which links the secondary. 
For small motors, and when the rotor is 
removed, the latter terms are small, but 
they are important in large machines. 
The values given above neglect these sub- 
tractive terms, and, therefore, apply specifi- 
cally to the case when the rotor is removed. 
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L. W. Buchanan (Westinghouse Electric 
Corporation, Lima, Ohio): It is gratifying 
to have an experimental study of induction 
machine leakage published particularly on 
end turn leakage which has apparently de- 
fied analytical derivation of a successful 
formula. It is only by calculating each 
component of leakage reactance carefully 
that we can hope to determine a total leak- 
age which will hold for a large number of 
variations in motor design. Although this 
paper recommends an empirical method, 
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which was published in 1926, for determin- 
ing the end leakage, it adds further sub- 
stantiation to this method. This empirical 
method then points the direction for modify- 
ing existing analytical studies to obtain 
closer results. 

In order to arrive at a check of our cal- 
culating formula, an unpublished study 
was made of the total tested end leakage 
reactance of a line of motors by Messrs. 
J. C. Burdett, F. C. Bradshaw, and L. W. 
Buchanan. The motors studied used one 
punching which was smaller than that de- 
scribed by Mr. Barnes, and windings were 
concentric single-phase windings. How- 
ever, since many single-phase formulas for 
reactance are merely those for one phase of 
a 2-phase motor, a comparison of these 
results should prove interesting. 

In routine calculations, we ordinarily 
calculate a leakage permeance which when 
multiplied by 2rfCK,»210~8 gives the leak- 
age per phase where CKy is total effective 
conductors per phase. In terms of Mr. 
Barnes’ paper, this leakage permeance is 


On a 4-pole motor using a 6-inch diameter 
punching, it was necessary to extend Gray’s 
curve. By this method, I calculate a leak- 
age permeance of 1.25. The results of 
our studies of tests indicate a value between 
1.2 and 1.4. Our present method of cal- 
culating end leakage permeance results is a 
value approximately 50 per cent of the 
tested value. Gray’s method gives much 
better results. ° 

This method, therefore, points the way to 
better calculation of end turn leakage on 
single-phase motors of the above descrip- 
tion. Unfortunately, in order to use this 
formula, we must reduce some other leakage 
component so as to continue calculating 
the total leakage as closely as we have been. 


E. C. Barnes: Professor Gault is correct in 
suggesting that formula 6 in the paper be 
divided by the square of the number of par- 
allel paths in the winding. I do not.concur, 
however, that Ks! should be used in the 
formula in lieu of the Kp* now shown, The 


conditions which are present in the core 


portion of the winding, and which require 
the use of the Kg! factor, do not obtain in 
the end conductor region. In the core por- 
tion, the upper and lower conductors in the 
slots are relatively closely coupled as a result 
of the surrounding core and teeth, and in the 
case of certain fractional pitch windings, 
the resultant leakage flux which links these 
two conductors is not in phase with the cur- 
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rent flowing in each of the conductors. As 
the pitch of the windings is changed, the 
Ks‘ factor changes by discrete amounts and 
it is not a continuous function with pitch 
over the regularly used range of pitch values. 
On the other hand, the end conductors of a 
given phase belt are carrying currents which 
are in phase with each other and these con- 
ductors are relatively loosely coupled by 
the leakage flux in air paths. The magnetic 
flux linking a phase belt of end conductors 
and inducing a reactive voltage in these 
conductors is essentially in phase with the 
current flowing in the conductors. Be- 
cause of the configuration of the coil head, 
the leakage flux produced by the adjacent 
inner or outer layers of end conductors is 
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relatively ineffective in producing reactive 
voltages in the adjacent outer or inner phase 
belt, respectively. For this reason, it is my 
opinion that the Kp? factor is correctly used 
in formula 6. 

With respect to P. L. Alger’s discussion, 
I recognize that the comparison in the paper 
is somewhat unfair in that Alger’s formula 
which is used, is a simplification of his 
complete formula, employing assumptions 
which are legitimate only for larger ma- 
chines having form-wound coils. In his 
discussion, Mr. Alger shows that quite good 
agreement exists between test values of this 
paper, and calculated values of end-turn 
leakage reactance using his complete 
formula. Also in his discussion he calcu- 
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lated a value of stator slot reactance for the 
condition without the rotor in the stator 
bore, which agrees relatively closely with 
test values. 

Mr. Buchanan reported calculating a 
value of end-turn reactance for a concentric- 
coil single-phase winding using the prin- 
ciples given in the paper. This calculated 
value agreed reasonably with experimental 
data which he had developed for this wind- 
ing. 

It would be interesting and worth- 
while to have further verification of the 
applicability of the method outlined in the 
paper to concentric-coil windings, since the 
method was intended primarily for double 
layer windings. 
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11-Year Operating Record—Rural Line 
Sectionalizing by Repeater Fuses 


R. M. SCHAHFER 


MEMBER AIEE 


EPEATER fuses have been used on 

rural lines of the Northern Indiana 
Public Service Company for the last 15 
years. During this period our methods 
of application have been improved to the 
point that the results obtained make us 
feel that this method of automatic sec- 
tionalizing of rural lines is quite satis- 
factory. 
are standard for sectionalizing rural lines 
for the entire company. 


Three-shot repeater fuses now 


This paper is intended to give a com 
prehensive picture of the performance of 
repeater fuses as we have found it, so that 
other engineers may have the game in- 
formation studying alternative 
plans for sectionalizing on their own sys 
tem, 


when 


It is self-evident that a large number of 
sectionalizing points in a line makes the 
location of trouble a localized problem, 
and the smaller the fuse size at the end of 
a line, the more sectionalizing points may 
be put in series without using fuses of 
excessive size at the start. Our trans 
former fusing table (see Figure 2) shows 
that we use the smallest possible fuse for 
each size transformer, which permits us to 
use the maximum number of sectionaliz- 
ing points on our lines, By this method 
we have been able to use 113 sectionaliz 
ing points on 384 miles of line in one 
district, or an average of 3.3 miley per 
section, 

In connection with minimum trang 
former fusing, we use a common ground 
on all of our distribution transformer 
installations, which interconnects the 
secondary neutral, the transformer case, 
and the lightning arrester ground. ‘The 
lightning arrester is connected on the line 
side of the transformer fuse so that a 
lightning arrester operation cannot cause 
a transformer outage, P a 
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F, H. STROUT 


ASSOCIATE AIEE 


In assivning locations and sizes of see 
tionalizing fuses, consideration must be 
The location of 
hazards, such as bad tree conditions, ex 


piven to several factors, 


posure to heavy road traffic, or routes 
difficult to patrol, will determine the 
location of certain points for operating 
reasons, Grouping of customers and rela 
tive importance of certain loads on a cir 
cuit indicate other points which will give 
the best service to preferred sections or 
Muse link sizes are determined by 
the normal loading of the seetion to be 
isolated plus the added load which ap 
pears after a prolonged outage as a result 


loads, 


of simultaneous starting of automatically 
controlled equipment, 

About 13 years ago, this application of 
repeater fuses became common enough 
that studies were made to co-ordinate 
groups of fuses in certain locations, This 
work has been continued until we now 
lave fusing maps, based on further 
studies for each distriet, whieh are sim 
plified gingletine drawings showing the 
locations and recommended fuse link for 
all present seetionalizing points, ‘These 
naps also show proposed fuse locations 
for what is believed to be the ultimate 
development, and from time to time, as 
extensions or changes are made, they are 
revised and brought up to date, 

Fusing maps are distributed to the 
Wngineering and Operating Departments 
and serve not only to show present and 
future plang, but alse to instruet the men 
in the fleld'as to the proper size of link to 
be used when replacing blown fuses. 

Proper co-ordination of seetionalizing 
points requires that the repeater fuse 
hearest a source of trouble shall blow all 
three fuses, in case of a permanent fault, 
hefore any fuse is blown in any seetionaliz: 
ing point nearer the source of supply 
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Algo, any repeater fuse should seetion- 
alize trouble, either transient or per- 
manent, before the main cireuit 16 opened 
at the substation, 

In a few cases, the advantage of an 
extra sectionalizing point in a cireuit is 
great enough to warrant installing fuses in 
series having ratings which are too nearly 
the same to give proper selectivity, In 
such cages, the maximum deviation we 
permit is that a repeater should blow only 
one fuse, while all three of the fuses of the 
repeater nearer the source of trouble are 
blowing. 

Co-ordination between fuses and oil 
circuit breakers at our substations is ac 
complished by equipping the  cireuit 
breakers with overcurrent relays having 
extremely inverse time characteristics, 
This, in effect, makes the tripping time of 
the circuit breaker similar to the time 
characteristics of fuse links, 

The suecessful operation the Northern 
Indiana Public Service Company has ex- 
perienced with repeater fuses has been 
the result of careful attention to the 
following details: 


1, Choosing proper locations for sectional. 
izing points, 


2, Recommending the correet size of fuse 
link for each loeation, 


3. Using fuse links of the same time ehar- 
acteristics throughout the company to 
simplify the engineering problems of eo- 
ordination, 


A, Instructing the men in the field as to 
the size of fuse link to be ingtulled at eaeh 
location, 


We have found that the replacement of 
blown fuses does not present a diffieult 
problem, THaeh S-shot repeater restores 
service in two cases of transient faults 
and, in most cases, some time will elapse 
before a third fault oceurs, This time in- 
terval permits some employee, in the 


we — 
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Fusing map, southern part of Lake 
Indiana, showing location, type, and 


Figure 1. 
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course of his regular work, either to re- 
place the blown fuses or to report them to 
someone qualified to do so. Permanent 
faults are reported quickly by the cus- 
tomers out of service, and the blown 


ed OF Banked 
fuses are replaced as soon as the cause of 702 | 1205 Secondaries” 
the fault is removed. Common practice 7 5 
is to make a patrol as soon as possible 
after each major storm to locate and re- : 
place blown fuses. Also, all employees Fe 
whose routine work takes them through 7 ; 
the district are instructed to observe the | 
condition of all fuse locations as they i 
pass. From our experience we believe no 
additional regular patrol is necessary. 
Development of our sectionalizing plan 
could not proceed intelligently without 
a knowledge of the frequency and cause of 5 
the faults which occur, and therefore we = 
began to accumulate these data by an 80 
analysis of our records soon after we 100 | 100 | 
started a general program of sectionaliz- 4 es 
’ . . . a 
ing all our rural lines. One of our districts 
was chosen as a representative area of é 
sufficient size and diversity of character ‘i 
to give accurate results from a detailed * 
analysis of its operating records. This q 
district is in the southern part of Lake * For any banked secondary, the secondary fuse shall be that size specifies for the - 
‘ : smallest traneformer immediately adjacent to that particular secondary fuse. 
County in the northwest corner of In- 
diana, is mainly rural, and has ae large Figure 2. Fusing transformers, capacitors, and banked secondaries 
and a few small communities. Figure 1 
is a single-line diagram of this district, Fuse Wire: ; 
showing the location, type, and sizes of Increase the fuse size of the above table by 50 per cent whenever fuse wire must be used. 
mane S raeaa x : Single Rated Liquid Fuses: 
all fuse locations other than those at in- ; tien é 
eas Increase the fuse size of the above table by 50 per cent whenever a liquid fuse is used that 
dividual transformers. : ‘ 
Aiea: ape n ae ea atlas Ie alates has only one rating stamped on it. 
ere are 144 individual 3-shot te- Double Rated Liquid Fuses: 
peater-tuse units PSEA ECLIE 9 Ui at 113 The above table applies to the smaller figure whenever a liquid fuse is used that has two 
locations. In addition there are 150 ratings stamped on it. For example, if the table calls for a 20-ampere fuse, a fuse stamped 
single-shot fuse units in service at 129 30/20E is the proper size. 
locations consisting of three 3-phase, Above 12.5 ky: 
one 2-phase, and 118 single-phase instal- Follow Test Department recommendations on all fusing at voltages above 12,500. 
lations. 
Single-shot fuses generally are located Tabl ; 
on minor branches and, since this is a able Il. Fuse Links Used for Line Sectionalizing 3-Shot Repeaters 
report on repeater fuses, these single se ths a PS ars a 
Pie ee Pe : . Size Number of Per Cent Cascaded Position in Line 
shots will be ignored in the remainder of Fuse Repeaters of Total Ast eee eee 3rd 4th 
this analysis and report. ~ So ho na ek ie 
5 AO S28 i tee eee (abe tie 
The following data have been taken = gg." 7 0" Bo 3 
from the regular interruption reports of 2B ees eeeeeeees V4 ieee cece esse cree lO sefrincen sb oan oe 11......,. 3 j 
this district. Reports turned in by the oe Panes PLE st ADs siaieteje dys /aisvn.nie eve vis nie SOS att rate) eae rea Bor cera heats 7 
f 5 : EE OO Gr cnc rear BA Sagal ranincaGie ennee 
serviceman state the cause and the 10) ek ae RD tec ene 12 Na Hel a on ee 5 
num 5 aoe inate 
ber of fuses blown and are accepted eee TN, Nail le ira oat a de Ls LO} aiscin 6 See eee Lone Phen et at 1. eee 1 
as his best estimate as governed by the Sr ee ae a erect t enn LO sere nists cisverche a ay hos here poenaenn 11 
ar pit. SaeranN nen Cees PaO ener ae MYA LM c occicrocongowlannuanety 
PITAL eh es HP Di tne GA Leth eetsiate se ticee PAPC wari ecy es Wee Payne 1 i 
Totaleera eerree TAA, eet teehee TOO! eee (Dro Bec bre Osteen 21 Ree 1 
Table!. Miles of Line Protected by Repeater Ss ————— — LS 4 
Fuses 
Miles Table Ill. Link Size of Fuses Used for Sectionalizing g 
Line Voltage 1943 1947 1949 ———— EEE Oe eS eh a ? 
a ° ; p< it Number of Repeaters i 
2,300 Yolen phaser ys jo ae Gira alr ie 8 Type of Fuse Link Size with Small Size Links € 
CyOUDAV OLE HOPEL ao vce ble lc aisian stataiatnene se 5 Cutout Max. Small 1943 1947 1949 y 
4,000 volt, 3 phase,......... Le Moar inal ieee ———— ——— x A : 
7,200 volt, 1 phase.......... 205... .246... .261 Pingle shots casos accacecn 20) paren ition 2 2 
12,500 volt, 3 phase.......... 100.3100. cl A rs rr etree ae 0 sY 
PAS ho aaa Bireealct {2 PRMEEMT OO ORS ARA Aho pr ce 2, 
aie eR EN BP sab Gee ERR es venie 40, sos Bo wcd.th vig ty Sra hyn (ee Oe 3... ee 3 
ee"? ee Woe EY epee ah 17. oe wT 
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Tranatorer [tor [Transformer] i¢ 


Table IV. Summary of 11-Year Operations 


1941 
1939 1942 1944 1946 1948 11-Year 
Number of 1940 1943 1945 1947 1949 Total 
C2 TG a S26 ii cies wisiete eee Gy ¢ See eoees AGG Ae ascics 626... oven ses O40 
mases of trouble*..:..550..22055- EB iwaeve neces BAG aia a icictetess GOW ere nec SAG erp oe. 322% ees 1,266 
Fuse locations involved.......... BAe eS Cb se Ae, OGtihere asc C4 ae. 78 


*In this table, a case of trouble involving one or more cutouts of a multiphase installation is classified 
as one case of trouble. 


Table V. Frequency at Which Trouble 
Occurs at a Given Location 


oars = 


Number of Cases 1941 
of Trouble at a 1939 1942 1944 1946 1948 
Given Location 1940 1943 1945 1947 1949 


conditions he finds when he replaces the 
fuses. 

These data are accurate as to 
location, number of locations, and num- 
ber of interruptions, and the causes as- 
signed to cases of blown fuses, and the 


ils Aber eee Aaa On tm Onae sl Seana 7, 

On 4 eee LORE 9) ee ae to eG number of fuses blown for each cause, are 

ae eres pe tae re mre Te reasonably accurate. For use in this 

erate wanes. <0 2 220) cnt Dead cee. : 

ts Seen Bae -6 eel O. ced 12 analysis, the number of fuses found 

(he coco ae Zain oR on ciptokt calcein | blown on any one inspection are attrib- 

4 Sagoo eae : SLD age OF evap stat, « uted to the same case of trouble. 

> lode eee Fol see agp Ie Aelia ee 

Gute Ss. MN Meigs eM qe ey Tables I, II, and III are statistical rec- 

i(\sac (eee eee EAT Re ords showing the types of line protected 

- oe Da ee ee 4 ; - : a : a : f and the combinations of fuse sizes. As 

ae ‘ 3 os ; a ; 7 ; A shownin Table I, there has been a regu- 

oe 0... 0.... 1... 0... 0 lar grewth@in the number of miles of 

TB ees sees cess O.... 1.... 0.... 0.... 0 line installed, and some changes in voltage 

16 or more...... 0.... 2.... 0.... 0.... 0 classifications have been made. Table II 

Table VI. Number of Cutouts with Blown Fuses Classified by Cause 
1941 
1939 1942 1944 1946 1948 11-Year Total 
Cause 1940 1943 1945 1947 1949 Number Per Cent 

IGE {Sith ee ee BUS sees Agee se 170 see Oi en nek GORE Ae a: BORA aos 40.8 
STS J LS: (Oe Ree (SOR ca fli Saree SOY SRN 02S e COR ae. 240 ener 16.5 
Lightning arrester failure.... 10....... Heneia cia ie'e NY a 1 Fe BS isrore aists te evimstce a Oa 
Caused by public.......... Qe sa aae Ue te aeie a Biss Nears Th sess DBs aime. USisereacas 5.4 
Defective insulators........ AF as Tee Sierras Dc Great tes Goo rete Oe ataaye Bec awairs 2.5 
Raimand iwind............. Sioa ne a osm Tistinet Dee ots Bree the k Shien dae Qi 
Sleet, storm, and wind ................ DPA Serge one Lie tenets eta te aati OE arate 5 Sh eRAaaat 2.4 
MOOMETICLOR AOUIEC cc. yi eka sce eee 1) oa SNe Dep ea Lee 1 RRP 1.0 
PIACKISDANS 2 bic 0 cu ene es wes Yee PAG te EPO THRICE 5 (h C HENORCR 1C, CWC BITRE NS. Che lte cnet ear Dtio stare 0.6 
BS POROTEPOICE oo ng:6 ce 2 eichece.ehaie Ste vcaes Datei ce Os Ae Deletes nts Gin eters WD aaa res 0.8 
(stig: A YB CRE Mice ca sth as¥ sree eae eee rtd ie sie Ne dnasas  Peraetere 0.3 
DD EIOCTSVENCUCONE,.. oc ccciec cies selene Diccovailavanatai b oi abe etohat as o's ebsvarpiosa p ekomra eae ala foe Demegeg t 0.1 
(Hie nd DU ae. Bie hee Siewert LOsae es oe hy as 24 1.6 
Ueno Bier cor AO terse Seem mew Cie hate Sis Sep he: O06 pcee 20.5 

Tuk, eee ee AGH Ie oc {PO See S0bn amor OL Uie e ae S2oe nas Vee Gt: eens 100.0 

it 
Table Vil. Repeater Fuse Operation Caused by Lightning 
1941 
1939 1942 1944 1946 1948 11-Year 
1940 1943 1945 1947 1949 Total 


No. of cutouts involved 


Single phase Sarttctt oo 399 
its) 1 a8 SG RRS itomin ee ron oe : con 52 
Three phase 144 
NAL ete faitiata\ajnia aieyarsiaiaiaca.eiafalola Biwstantauae IY blir Roach WAU Seiernricen OZone WOO niesiscevcinss 595 
No. of fuses blown.........-.-+005 QO Riad tevataid OA treo 9= sar'cate DAM ag 16 9.; = sanyo WN Vesta Cre 1,010 
No. of cases with 1 fuse blown...... BOs wets ecisre ST daarentercte OB sears curs 50h. Sanne BOR mic orca « 318 
No. of cases with 2 fuses blown...... 9........- 35........ Meera ane « 22 ieee ae Dae en's 130 
No. of cases with 3 fuses blown...... UD coves arersl AQ) castoacenners Bs Wefeiaieie'tnvele DB ie eit QS ser sae 144 
Per cent of cases in which 
service was restored.......... sete sie le CEsersces, Too Divers > ois’ Y(t iety6, 0 i Oiinisee aketste 76 
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shows the range of fuse sizes and the 
groupings used. Table III is intended to 
show that we use a good percentage of 
small-size fuse links, and it will be brought 
out later that no excessive blowing re- 
sults from this application. 

In the 11 years shown in Tables IV and 
V we have blown 2,940 fuses on 1,266 
cases of trouble. As shown in Table V, 
the majority of locations have had three 
or less cases of trouble in any period 
analyzed, indicating a widespread area of 
fuse blowing rather than a few aggravated 
cases of localized trouble. These tables, 
and some of those to follow, are set up by 
2- and 3-year periods so that any change 
in trends can be identified. 

Classification of blown fuses according 
to the cause as given by the serviceman’s 
report shows that 62.7 per cent of our 
trouble results from lightning, tree limbs, 
and lightning arrester failure. These 
three causes will be analyzed further. 

Lightning has been assigned as the 
cause of blowing 1,010 fuses in 595 re- 
peaters during the ll-year period an- 
alyzed. In 76 per cent of the cases, serv- 
ice was restored by 38-shot repeaters, 
while two shots would have restored serv- 
ice in only 54 per cent of the cases. 
Table VII shows that the performance 
has been very consistent through all 
periods analyzed. 

We have used the term ‘‘Lightning”’ as 
the cause of the blown fuses in Tables VI, 
VII, VIII, and IX because that is the 
term used in the interruption reports from 
which this analysis was made. Actually, 
few fuses are blown by lightning, but the 
serviceman recognizes that lightning is 
the initiating cause and attributes the 
operation to lightning. In substantially 
all cases, the cause of fuse blowing is the 
60-cycle short-circuit current which fol- 
lows the ionized path established by the 
lightning stroke. However, exceptions 
may occur where a high-current stroke 
hits a line in a span adjacent to a fuse and 
goes to ground through a lightning ar- 


Table VIII. Number of Cases of Lightning 
Trouble Per Size of Fuse Link, 1939-1949 


Inclusive 
Number of Number of Cases of 

Size Cases of Installations Trouble Per 

Fuse Trouble of This Size Installation 
AO' ei sivesiovs CS aren ACh taraateteiets 25.0 
OO sides ciese Lowes wersienas Divtenctenve Seis 7.5 
25a es OSrinecrsebte ces NALA etic at Bid 
20 ais AD fe det aaychtte DA aes Su ttPS RECT 2.3 
15 iettteas ee i atarptaxehei cee WA ance ucrae 3.2 
LOcetoe es SOG is am eerie DOs cccrewre 2.6 
Ureotes Dae ctmetelesste A Ee ee 4.4 
Disntee as Babee s Sieiafs.a.« 4B ip aiestonn 4.5 
Bisersiave Se eae Cin Guero th 1.0 
VSO Oe ass siesaunie ean cecun cine 0.0 
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rester or some low-impulse gap on the 
opposite side of the fuse. 

There is no need to avoid the use of 
small-size fuse links if such avoidance is 
based on the theory that lightning will re- 
sult in excessive blowing of small links. 
Table VIII shows that there is no corre- 
lation between fuse size and the number 
of cases of trouble. There is, however, a 
better correlation between the number of 
outages and the number of miles of line 
protected by a fuse, as shown in Table 
IX. “Assuming that in due time every 
mile of line will receive the same number 
of lightning strokes, then the number of 
cases of trouble caused by lightning 
should be a function of the number of 
miles of line sectionalized by a given fuse, 
and not a function of the fuse link size. 


Reclosers Following Cases of 
Trouble Caused by Tree Limbs 


As seen in Table X, service was suc- 
cessfully restored in 18 per cent of our 
cases of trouble caused by tree limbs, and 
the use of a 3-shot device instead of a 2- 
shot device increased the record of suc- 
cessful reclosures from 12 per cent to 18 
per cent. Information from the field 
shows that the remaining cases of trouble 
generally are severe and tree limbs must 
be removed before service can be restored, 
indicating that the 18 per cent successful 
reclosures is as good as can be expected. 

Most cases of swaying branches are not 
included in the above summary as they 
operate only one or two fuses, service is 
restored automatically, no report of out- 
age is received, the fuse is replaced when 
found, and the cause listed as unknown. 


Reclosures Following Cases of 
Trouble Caused by Lightning 
Arrester Failures 


Lightning arrester failures have been 
isolated satisfactorily, but service has 
been restored in only a very low percent- 
age of the cases of trouble. An analysis 
of the fuses blown on lightning arrester 
failures is shown in Tables XI and XII. 

Our standard transformer installation 
places the lightning arrester on the line 
side of the transformer fuse, and there- 
fore a faulty lightning arrester usually 
creates a permanent short circuit from 
line to ground. In some cases, large-size 
fuses will hold long enough to blow a 
lightning arrester clear, but the number of 
lightning arrester failures is small and 
there is little point in increasing fuse sizes 
for this purpose. We prefer the ad- 
vantage of more sectionalizing points 
gained by using smaller transformer 
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Cases of Lightning Trouble Per Mile of Line Beyond Each Size Fuse Link, 1939-1949 


Table IX. 
Inclusive 

Miles of Line Beyond Fuse of Number of Cases of 

Size Tabulated Size Cases of Trouble 

Fuse Max. Min. Total Trouble Per Mile 
DR CRI cere TS coh acenaneens 0.5 5.0 
SO GS restes epaio moterete EIB AGUS Snore 5.8 .1.0 
V1 BRIA ARADT Ot oo PLO etstacistasterta 3.9 0.6 
20s id cieta diy aca Sate DEO cr wisittese 0.1 .0.6 
tL PPP ore BAO eyelets ts is 0.1 . 0.8 
LO sis taicto-cdorsternate Visti a peteraate 0.4 0/9 
(RIE Ose See: TSAO See ere. 0.1 “y? 
Bie re UB EG ee tae en 0.1 ‘6 
PTS er 3 eh en, eee 0.6 mi 
DO ete het Belo asec 0.9 0 


Note: Installations where fuse sizes have been changed appear in Tables VIII and IX under each size 
of fuse used. 


Table X. Fuses Blown by Tree Limbs 


1941 

1939 1942 1944 1946 1948 11-Year 

1940 1943 1945 1947 1949 Total 
No. of cutouts involved. 6.020 c0ss src sccicc ce suisiswie OZ stores 1 eet 80. sice.e Ain tes 28), cage 240 
Total tio; ‘of fasee DIOWM es nis «oc vlowic cs sion oases ee 153. seis QIB a vaiis: ai 83s cate 62. gees Ye cr 648 
No. of cases with 1 fuse blown............se+se00: UB stove cee Ciopetestt Denies Dialers PPP cic 28 
No. of cases with 2 fuses blown. ...........seee00- Sncsclet glade atOnearens Bry anc Scant . 16 
No. of cases with 3 fuses blown.............000008 44..... S4i, ne. ce Oe erasers 20. ie aed 25 srctdieretols 196 
Per cent of cases in which service was restored....... pe Dee Veet Adi tarrurete Dosa orate BR Bp eerigriny @ 40! 

Table XI, Fuses Blown by Lightning Arrester Failures 
1941 

1939 1942 1944 1946 1948 11-Year 

1940 1943 1945 1947 1949 Total 
Noxofcutonts involvedi.ssseisisixicietee Ca aielsielsin oteleta 1Osise8 Borcslnhere UTrcivatest 10. ..nseient caput 
INO: OF SHEER IDIOWAls 2-5/5. slat ee aie aieveleieioiee > vie oseteraiere 26. sours 1d os ox AT eaatee 25... slespoD a ecaeineeek 
No. of cases with 1 fuse blown. .............00e00+ Ds, cheis WIRAG L iratare bP cis Oiaia sratere oe: 
No, of cases with 2 fuses blown..............-.005 Ones Once. PASS RS cits 3. sacle LS RE se rings, 
No. of cases with 3 fuses blown...........seece0e ae BR AE 2 ey 6 3 23169 
Per cent of cases in which service was restored....... 7 a Oars Lee tae 40... «,cia.0i5@ sigtatereaneeier 
fuses. The big advantage we have gained Table XII. Size of Fuse Link Blown by 


is that we have installed so many section- 
alizing points that this type of trouble, so 
difficult to locate, has been restricted to a 
minimum number of miles of line. There 
is little benefit in a 3-shot over a single- 
shot installation for clearing faulted 
lightning arresters. 

It should be noted in Table XI that the 
number of cases of lightning arrester 
failure has shown a marked decrease in 
the ll-year period analyzed. This, we 
believe, is the result of patrolling our 


Lightning Arrester Failures, 11-Year Total 


Size Fuse, Number of Cases 
Amperes 


of Trouble 


Note: This table is not weighted by number of 


installations, 


Table XIll. Fuses Blown by Other Miscellaneous Causes 
—— = = ————————————————— 
1941 
1939 1942 1944 1946 1948 11-Year 
1940 1943 1945 1047 1949 Total 
No.of cutouts...) .ciscumsncen eee eee ne eater 82 Feiss Looe ‘BS a une 117..... «AQT eames 
No-xof fuses blown.) sss ne eee eee atte sos Oe iiele 258..... 164. tae 207... «dD eae ODe 
No. of cases with 1 fuse blown...........eeseseces Llriaiatsjesete Oot axe 4B. is0i0 OZ: cviele 10 Re 
No. of cases with 2 fuses blown. .......-.0-eeseeee Beene 16. eer 10) chaz VT wa:viets 12 Bela es 
No. of cases with 3 fuses blown.........+.++e0: Bont = tasiich CE ern Oates 88.6045 72...4, 225 
Per cent of cases in which service was restored.......44...... 4A. aie 63... «+ 68 ceo sel OA eet aS) 
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Table XIV. 


Fuses Blown from All Causes 


= = = 


1941 

1939 1942 1944 1946 1948 11-Year 
1940 1943 1945 1947 1949 Total 
BMPAOGCULOUtS INVOlVed . oy. 5.6 cece asec cceceeees VOD e.ats Ba ts BOR acre 246. Ses B22 ce cascke 1,456 
POMOUITISES DIOWD . 5. cclecsaessc ncces celbbwccevicwee S2be eek BAO ere. Oia eas AGG. 32% 626. en 2,940 
Wo, of ‘cases with 1 fuse blown...........000cceere 64 asi MOO oT arkex TAZ. 4i5.0 DNs Pa ee pds G are ae 605 
INo..0f cases with 2 fuses blown... 0... e0000cesne Fh eee a RAN BS cries Be ie Ae BD aie sts 224 
- No. of cases with 3 fuses blown................0- 1 Pee et ZOO es 6 LOT ss eis" Bony pn es 629 
OL tetera 44..... Bie eters Odirraces G3ineres 57 


rural lines with a-portable radio set and 
locating lightning arresters which are be- 
ginning to break down before actual 
failure occurs. Leakage current across 
the gaps in the faulty lightning arrester 
sets up radio interference along a line, and 
the peak level of the noise points out the 
culprit. 


Reclosures Following Cases of 
Trouble Caused by All Other 
. Miscellaneous Causes 


Previously we have analyzed the fuses 
blown by lightning, tree limbs, and 
lightning arrester failures, these causing 
the most interruptions and representing 
57 per cent of the total number of blown 
fuses during the 11-year period. 

An analysis of all other blown fuses, as 
made in Table XIII, shows that, over 
the ll-year period, 59 per cent of the 
cases of trouble were of a transient nature 
and service was restored by the use of 3- 
shot repeaters. 


Summary of Reclosures— 
All Causes 


“Summarizing all cases of trouble for the 
11-year period, we find the analysis shown 
in Table XIV. 

Operation over the 11-year period an- 
alyzed has been quite consistent as to the 
percentage of successful reclosures. Sum- 
marizing all cases of trouble for the 11- 
year period, we find that service was re- 
stored in 57 per cent of the cases, as 
shown in Table XIV. This percentage of 
reclosures would have been 41 per cent if 
2-shot fuses had been used, indicating 
that there is a decided advantage in the 
general use of 3-shot devices. We be- 
lieve that this analysis is sufficiently com- 
plete to show that sectionalizing rural 
distribution lines by means of 3-shot re- 
peating fuses is a satisfactory method 
of isolating permanent faults and restoring 
service to as many customers as possible 
after a fault occurs. 


Improper Operations 


Faulty operations have occurred from 
time to time during the 11 years of opera- 
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tions analyzed, and are to be expected 
when using a man-made device. 

The following summation covers only 
those cases of trouble which are apparent 
on the daily interruption reports: 


—— 


_ 


25 cases cleared the 
first fuse but failed 
to trip the second 


case, failure caused 
by gunfire 
case, defective fuse 


_ 


fuse link 

13 cases cleared the 3 cases, improper ad- 
first and second justment of stop on 
fuses but failed to the cutout 
trip the third fuse 8 cases, cutouts failed 


_ 


case, the 5-ampere to operate because 
link failed to blow of ice 

even with the line l case, fuse tube 
lying in the trees failed to drop be- 
7 cases, the fuse wire cause of carbonized 
bunched up and the condition of bore of 
tube did not drop fuse tube 

out 


It is probable that the above record is 
not a complete report because the first 
consideration on finding blown fuses is to 
restore service, and the time to make a 
careful investigation of the cause is not 
available. We know, of course, that 
severe ice conditions can prevent a fuse 
tube from falling out after the fuse link is 
blown, but the first and second groups of 
failures covering the majority of the 
cases listed are unexplained. We believe 
that these faults are not inherent in the 
equipment, but are the result of incorrect 
installation or adjustment. 


Economics 


The installed costs of fuse-sectionalizing 
devices, using 1947 prices, are estimated 
as follows: 


annual fixed charge of $558.00 would have 
served to sectionalize 132 cases of trouble, 
or an average of $4.23 each. 

If 2-shot fuses had been used instead of 
single-shot fuses, the fixed charges would 
be increased from $558.00 to $1,372.00, 
or an increase of $814.00 per year. This 
would have restored service automatically 
and made patrol work unnecessary in 55 
cases of trouble, a cost of $14.80 per case 
of service restored. 

Following this reasoning in the case of 
the 3-shot fuses in use, the fixed charges 
were $1,614.00, or a further increase of 
$242.00 per year to restore service to 20 
additional cases of trouble, at an average 
cost of $12.10 each. 

It is difficult to estimate what the 
average cost of replacing single fuses 
would be,*since the number which would 
be taken care of at overtime rates is not 
known, but we believe that the expendi- 
ture in each successive step, as estimated 
above, is justified from a purely economic 
viewpoint. 

An entirely different approach to the 
economics is to assume that all those out- 
ages which were reclosed by the second 
or third fuse operation would have been 
reclosed successfully by the automatic 
reclosing circuit breaker at the point of 
origin of each entire circuit. With such 
an assumption, credit can be given to line 
fuse devices only to act as fault section- 
alizing devices; in other words, auto- 
matic trouble shooters. Of the 132 cases 
of trouble per year, 57 were permanent. 
Hence, the fixed charges of $1,614.00 per 
year computed for 3-shot fuses indicate 
that it cost us $28.31 to localize each case 
of permanent fault. If the five circuits in 
the district had protection only at the 
substation, it would be necessary to patrol 
an entire circuit to locate and clear each 
permanent fault. With 384 miles of line 
in service, this would mean an average of 
77 miles of line to patrol in each case. 
We cannot estimate accurately the cost of 
such a patrol, but, again, we believe that 
the cost of sectionalizing fuses is well 


Number of Fuses Per Cutout 
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number of cases of trouble per year was 
132. Of these cases, 55 blew one fuse, 20 
blew two fuses, and the remaining 57 
cases blew all three fuses. Therefore, if 
only single-shot fuses had been used, an 
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There should be added to the economic 
value a factor for increased revenue, bet- 
ter customer relations because of less out- 
ages, and the fact that workmen perform 
better when it becomes easier for them to 
a 
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do their work; that is, in this case, easier 
to locate trouble. 


Conclusions 


The foregoing analysis has made no 
reference to automatic reclosers other 
than the oil circuit breakers at the sub- 
station, which, as mentioned earlier, are 
equipped with extremely inverse time 
overcurrent relays to provide proper co- 
ordination with fuses. Pole-mounted 
automatic reclosers have been developed 
to a large extent since the time we started 
sectionalizing with fuses, and the early 
reclosers had neither the interrupting 
capacity nor the inverse time character- 
istics which were needed. Modern auto- 
matic reclosers undoubtedly can be ap- 
plied to accomplish the same results as our 
repeater fuses, and in several special 
cases we are considering their use in place 
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of fuses. However, an economic com- 
parison between the use of fuses and 
automatic reclosers is not intended in this 
report. 

The cost of using 3-shot repeaters is 
warranted over the cost of 2-shot re- 
peaters on the basis of cost per case of 
trouble restored, because of better serv- 
ice to our customers due to more suc- 
cessful reclosures, and because expensive 
routine patrols and inspections are less 
necessary. 

In addition to the economic justifica- 
tion, there is an additional almost inesti- 
mable value in service-restoring devices 
because they lessen the demand for work- 
men during the time of peak trouble, 
when few of us have sufficient help and 
manpower is at a premium. 

Value must be given line sectionalizing 
devices, not only because they restore 
service, but also because they automati- 


cally restrict the faulted line to a small 
area and thus become automatic trouble 
shooters. It should be noted that we have 
113 installation points in 384 miles of 
line. Repeater fuses should be inspected 
when fuse links are replaced to be sure 
that no burr or badly burned spot has 
been created which will prevent future 
correct operation. 

Repeater fuses may be of little value m 
restoring service during certain sleet and 
ice conditions because the first tube may 
be frozen in place and fail to trip in the 
next fuse, but they will sectionalize the 
line trouble. 

The repeater fuse clearly shows a lock- 
out to the patrolman, except during sleet 
conditions, and so aids in speedy line 
patrolling. 

We are well pleased with the perform- 
ance of repeater fuses and plan to con- 
tinue their use. 


No Discussion 
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Economics of Trolley Coach Power 


Supply 
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Synopsis: The total cost of power delivered 
to trolley coaches is influenced by system 
engineering as well as by prevailing power 
rates. In the case of a single-unit rectifier 
substation, the equipment cost per kilowatt 
decreases as substation rating increases. 
With increases in substation rating, however, 
proportionately more feeder copper is re- 
quired to distribute the power from each 
station. Evaluation of these factors for 
various headways reveals substation ratings 
and spacings which result in minimum 
system investment. Cost of power delivered 
at the trolley coach is the sum of fixed 
charges and operating costs of the substa- 
tions and overhead. Such factors as the 
number of points of power delivery, main- 
tenance expense, and depreciation rates af- 
fect the over-all power cost. Their influence 
upon selection of substation rating is dis- 
cussed. By careful investigation of all 
variables, the transit operator is able to 
minimize the cost of power delivered to his 
vehicles. 


LECTRIC power is a commodity 

which is purchased by transit 
companies at established rates. How- 
ever, engineering decisions of the transit 
operator may affect appreciably the total 
cost of power delivered to the trolley 
coach. ° (¢ 
~ The purpose of this paper is to show 
how the size and spacing of traction sub- 
stations may affect the cost of power de- 
livered to the trolley coach. 

The study in this paper applies to the 
case where the transit company pur- 
chases a-c power from the power company 
at each conversion substation. It is based 
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upon the use of fully automatic, single- 
unit, rectifier substations, which have 
demonstrated their reliability in transit 
service. Substation units are loaded to 
the extent of their rating during rush 
hours. Spare conversion capacity is not 
included, but suggestions are made con- 
cerning how to obtain spare capacity. 

The total cost of providing power to 
trolley coaches consists of substation ex- 
pense and distribution expense. 

Substation expense includes: 


1. Fixed expenses: Depreciation, interest, 
and taxes 


2. Operating expenses: Cost of power pur- 
chased, and maintenance 


Distribution expense includes: 


1. Fixed expenses: Depreciation, interest, 
and taxes 


2. Operating expenses: Maintenance 


Fixed Charges 


Fixed charges, particularly depreciation 
and interest charges, are dependent upon 
the total investment in the substations 
and distribution system. Taxes also are 
related to| the total investment. In 
general, therefore, fixed charges may be 
reduced by keeping total investment in 
substations and distribution system at a 
minimum. 

Two major factors are involved in deter- 
mining the size and spacing of substations 
for a minimum system investment: (1) 
The cost per kilowatt of rectifier substa- 
tion equipment decreases as the kilowatt 
rating of the equipment increases; (2) 
as the kilowatt rating of substation 
equipment increases, the substations are 
spaced farther apart, and proportionately 
more copper is required between ad- 
jacent substations to provide adequate 
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voltage conditions and adequate short 
circuit protection. 

The effect of these two factors upon 
system investment is analyzed, using the 
method described by one of the present 
authors in 1948.! Briefly, this method is: . 


1. Supplementary feeder cable is propor- 
tioned to assure tripping of feeder circuit 
breakers under short-circuit conditions on 
any part of the feeder it protects, and to 
provide adequate voltage at coaches. 

2. Substation sizes are selected to handle 
rush-hour traffic on their 150 per cent 2- 
hour rating or on their short-time load 
swing rating, whichever is limiting. 


Substation Capacity 


Figure 2 shows the number of coaches 
which can be supplied by various sizes of 
rectifier unit. This curve is based upon 
an average power consumption of 55 kw 
per coach at the substation d-c bus, for 12 
miles per hour schedule speed, and upon 
an instantaneous current demand of 
coaches as shown in the diversity curve, 
Figure 1. The l-minute rating of typical 
rectifier units is 200 per cent for units 
rated 1,000 kw and below, or 300 per cent 
for units rated 1,500 kw and above. Ac- 
tually, the load swings encountered in 
trolley coach service are of very short 
duration and, for the purpose of this 
paper, a 300 per cent commutating limit 
has been assumed for units rated less than 
500 kw. The number of coaches per 
substation unit is based upon the 2-hour 
rating of the equipment, except in the 
case of the 200-kw rectifier, where the 
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Figure 1. Trolley coach diversity curve 
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Figure 2. Number of coaches which can be 
supplied by the 150 per cent 2-hour rating of 
various sizes of substation units; schedule 
speed 12 miles per hour, 50 kw per coach 
plus 10 per cent line loss 


number of coaches is limited by comiitita 

tion rather than heating. 

shows the length of 2-way 
may 

various standard sizes of substation unit, 


ligure 38 


route which be supplied by the 
for a number of different conditions of 
headway. 

Figures 4, 5, 6, and 7 show investment 


in substation plus supplementary feeder 


copper as a funetion of trolley coach 
headway for various feeder arrangements, 
The cost figures used in preparing these 
section on 


curves are detailed in the 


“System Costs.” 
System Costs 


The assumed cost of single-unit recti 
fier substations includes eleetrie appara 
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Figure 3. Length of 2-way trolley coach 
route that can be supplied by the 150 per 
cent 2-hour rating of various sizes of substation 
units with various operating headways, 
schedule speed 12 miles per hour, 50 kw per 
coach plus 10 per cent line loss 
-_ *, 
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Figure 4. Cost of substation and feeder copper 
per 1,000 feet of 2-way trolley coach route 


Various headways and sizes of single-unit 
substations, dotted lines, feeder copper only 
at 50 cents per pound, solid lines, substation 
cost plus feeder cost; schedule speed 12 miles 
per hour, trolleys 9/0-80 per cent conduc- 
tivity, no sectionalizing ketween substations 


(us, installation cost, and the cost of the 
building but not of the land, The figures 
given in Table I are based upon 1948 
costs. Adjustments may be made to 
suit local conditions which afleet building 
and installation costs, 

Building cost is approximately & to 16 
per cent of the total substation 
Installation costs range from 2'/, to 5 


cost, 
per cent of the total cost, Vercentage- 
wise, these costs are lower for large size 
stations, 

The amount of feeder copper required 
in each case was calculated using the 
methods of the 1948 paper.’ The cost of 
feeder copper installed was taken at 5O 
cents per pound, 
values of coach 
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Figure 5, Same as Figure 4 with sectionalizing 
circuit breakers between substations 
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Figure 6, Cost of substation and feeder copper 
with substations located at the intersection of 
two routes 


Various headways and sizes of single-unit 
substations, same headway for both routes, 
dotted lines, feeder copper only at 50 cents 
per pound, solid lines, substation cost plus 
feeder cost, schedule speed 12 miles per hour, 
trolleys 2/O-80 per cent conductivity, no 
sectionalizing between substations 


loading were assumed, and the feeder 
copper was laid out to exact size, In all 
cases copper of uniform section along the 
feeder was assumed, Ags a result of this,” 
in some instances the section of the copper 
leaving the substation is inadequate from 
a heating point of view. The over-all 
weight of copper considered for each of 
these cases, however, is such that re- 
arrangement to use more copper ad- 
jacent to the substation is possible, 

Figure 4 shows the cost of ‘substation 
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Figure 7, Same as Figure 6 with sectionalizing 


circuit breakers between substations 
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Table I. Installed Cost of Single-Unit Substation, Less Land, Based on 1948 Costs 
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KW Rating 200 300 500 
Single line....... $36,500... .$43,800....$47,100.. 
Crossing lines.... 39,600.... 46,900.... 


equipment and feeder copper for substa- 


tiong,supplying a single trolley coach line 
of considerable length with feeder circuits 
continuous between substations. This 
figure indicates the size of substation unit 
required to give the least cost per thou- 
sand feet of route. For instance, for 4- 
minute headway, the total cost for sub- 
station plus feeder copper per 1,000 feet is 
$6,350 when 500-kw stations are used, 
$5,750 for 200-kw stations, and $4,550 for 
800-kw stations. Herce, the selection of 
300-kw stations for this traffic condition 
will result in lowest over-all investment in 
substations plus supplementary feeder 
copper. With 300-kw stations, $2,050 
of the $4,550 cost per 1000 feet is for sup- 
plementary feeder copper. 

As a second example, 500-kw units re- 
sult in minimum investment when 2- 
minute headway is considered. 

Figure 5 shows automatic reclosing 
sectionalizing circuit breakers installed at 
the mid-point between substations. This 
layout results in a reduced amount of 
copper and a lower first cost. The sec- 
tionalizing circuit breakers should have a 
trip current setting of one-half the value 
used for substation feeder circuit breakers. 
This imposes limitations on the applica- 
tion of this layout because it is not 
adapted to handling a block of power in 
event of the outage of a substation. 

Figure 6 shows the cost with a substa- 
tion located at the intersection of two 
lines, or where two lines can be supplied 
from the same substation. Equal head- 
ways are assumed on both lines. If head- 
ways are different, an average figure may 
be used without materially affecting the 
results. Figure 7 is practically the same as 
Figure 5 exeept that automatic reclosing 
sectionalizing circuit breakers are in- 
stalled in each of the feeder circuits. 

The significance of Figures 4-7 is that 
total system investment can be mini- 
mized by careful study of size and spacing 
of.rectifier substations. 


Spare Capacity 


Spare capacity is a necessity on any 
system. Figures 4-7 are based upon use 


750 1,000 1,500 2,000 


. $59,800... $65,000... .$103,500....$121,900 
50,300.... 


62,900.... 68,100.... 110,609.... 129,000 


of the entire rating of a substation for 
normal service. Spare capacity may be 
provided by using single rectifier units of a 
rating larger than actual load requires, or 
by using a second unit in ‘“‘key’’ substa- 
tions. The final selection will be gov- 
erned by the relative costs per kilowatt of 
providing extra capacity in each of these 
ways, and by local conditions which may 
affect the choice. 


Other Factors 


In deciding upon rating of substation 
equipment, the following factors’which 
affect fixed costs should be considered in 
addition to total investment: 


1. Annual depreciation charges. It will be 
noted that, with the larger substation 
capacities, investment in feeder copper is a 
greater part of the total than it is with 
smaller substation capacities. Overhead 
systems generally are depreciated at a lower 
rate than substation equipment. This, for 
example, would make 1,000-kw units rela- 
tively more attractive in comparison to 
500-kw units than Figures 4—7 indicate. 


2. Realestate taxes. Considering a specific 
example, the amount of land and building 
required for one 1,000-kw station usually is 
less than that required for two 500-kw sta- 
tions. Depending upon local conditions, 
this factor also may make fewer substations 
attractive from the tax viewpoint. 


3. Interest. This factor is assumed to de- 
pend only on the total investment. 


Operating Expense 


Operating expense of the substations 
and distribution system may be affected 
appreciably by the size of substation 
selected. Consideration of the various 
items which comprise operating expense 
will illustrate this point. For example, 
the cost of the power purchased and main- 
tenance charges are two important com- 
ponents of operating expense in a fully 
automatic substation. 

Maintenance expense can best be 
evaluated by operating companies which 
have wide experience in the operation of 
rectifier equipment. However, the gen- 
eral statement may be made that main- 


tenance expense’ varies as a fractional 
power of substation size. Thus, a system 
with one 1,000-kw substation would be 
expected to show less substation main- 
tenance expense than a system with two 
500-kw substations. The same principle 
applies to maintenance of feeder copper: 
little variation would be expected in 
feeder maintenance cost over a wide 
variation in size of feeder. 

Cost of power purchased may be af- 
fected by the number of points of power 
delivery. As an example, consider a 
route with 1-minute rush-hour headway. 
Reference to Figure 4 for a single route 
with no sectionalizing shows that 1,000- 
kw substations and 500-kw substations 
are about equally attractive from the 
standpoint of total investment. 

However, the use of 1,000-kw stations 
in this case may reduce the cost of power 
purchased because of the benefits of buy- 
ing power in large blocks. In typical 
situations, the use of 1,000-kw substations 
instead of 500-kw substations may save 5 
per cent to 10 per cent in power cost. 
This factor has the effect of extending the 
economic application of a given rating of 
substation to longer headways than 
shown in Figures 4-7. 


Conclusions 


The first cost of providing equipment 
to convert power and deliver it to trolley 
coaches may be kept at a minimum by the 
method outlined in this paper. Selection 
of substation size can be made to result in 
minimum expenditure for substation 
equipment plus feeder copper. 

The size of rectifier substation which 
will result in the lowest over-all cost of 
power delivered to trolley coaches is de- 
termined by a study o° several variables. 
The effect of depreciation and taxes upon 
fixed charges must be evaluated. Also, 
the effect of the cost of power purchased 
and of maintenance charges upon operat- 
ing cost must be determined. 

By careful study of all factors in- 
volved, the transit operator will be able to 
minimize the over-all cost of providing 
power to electric vehicles. 
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Equivalent Circuits and Their Application 
in Designing Shaded Pole Motors 
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HE shaded pole motor is well recog- 
nized as simple in construction, but 
Compared to 
other types of induction motors, it is 


complicated to analyze. 


complicated by two factors: the abun- 
dance of space harmonics, and the exist- 
ence of the different groups of leakage re- 
actances in the stator. 

The first factor is well recognized. 
Pertaining to the first factor, the amount 
of harmonics is influenced somewhat by 
the shading coil pitch, and by the shape 
and extension of the magnetic bridge; 
the undesirable effects of the harmonics 
are reduced by rotor skew and other 
means, The second factor is generally 
known, but has not been definitely stated. 
The four different groups of stator leak- 
age flux are those that links: the primary 
coil only; the shading coil only; one 
shading coil and one primary coil; and 
one shading coil and two primary coils. 

The clarification of the four groups of 
stator leakage reactance is necessary for 
determining the phase shift of the shaded 
pole flux, as some groups increase the 
phase shift and others reduce it or do not 
affect it one way or the other, 

In this paper, first, cross-field and re- 
volving-field equivalent circuits are de- 
rived with all the above factors consid- 
ered; second, the equations for the circuit 
constants are derived; and third, some de- 
sirable ranges of values for shading coil 
pitch, rotor skew, magnetic bridge, shad- 
ing coil resistance, and so forth are de- 
duced from the equivalent circuit. 

The circuit can be solved by an a-c 
calculating board based on an equivalent 
circuit or by calculation, It is numeri- 
cally more complicated than other types 
of single-phase motors. However, better 
understanding of the working relation- 
ships between the various factors of the 
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shaded pole motor can be attained from 
studying the equivalent circuit without 
solving it. 


Derivation of the Equivalent 
Circuits 


FUNDAMENTAL CONCEPT 


There are three possible sources of space 
harmonic flux in a shaded pole motor: 


1. Stator harmonic magnetomotive force 
and fundamental air-gap permeance. 


2. Fundamental magnetomotive force and 
harmonic air-gap permeance. 


3. Harmonic magnetomotive force and 
harmonic air-gap permeance. 


In this analysis, only the first source is 
treated because the harmonic magneto- 
motive force necessarily exists in a motor 
with concentrated windings. The other 
two sources of harmonic flux can be mini- 
mized by making the air gap approxi- 
mately uniform, and are assumed to be 
minor effects in a properly designed 
shaded pole motor. A justification from 
experience for this assumption is that in 
most commercial motors, the gaps be- 
tween adjacent poles are either nonex- 
istent, very small, or are bridged over by a 
magnetic bridge. A large gap between 
adjacent poles gives rise to excessive 
magnetizing current and harmonic flux 
with bad accelerating characteristics and 
poor efficiency as a result. 

To select a set of reference axes, the 
main axis is chosen as the center of the 
arc, along the air gap, which is under the 
influence of the unshaded portion of the 
primary; and the auxiliary axis is chosen 
as the center of the are which is under the 
influence of the shaded portion of the 
primary. As a corollary of the previous 
assumption, the effective are of the 
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shaded pole and the effective arc of the un- 
shaded pole add up to the complete pole 
pitch of 180 electrical degrees approxi- 
mately, and the main and auxiliary axes 
are 90 electrical degrees apart. 

The stator is assumed to have three 
sets of windings, two of which represent 
an imaginary division of an actual wind- 
ing; the short circuited shading coil, a 
coil of NV turns at the same position as the 
shading coil, connected in series with a 
coil of V turns around the unshaded pole. 
Since the inner coil sides of the two coils 
of N turns overlap and carry equal and 
opposite currents, the two coils are 
equivalent to the actual case of one single 
coil around the entire pole. 

Along the auxiliary axis, the primary 
coil and the shading coil have coil sides 
in the same position. Their combined 
effect on the rotor circuit is equivalent to 
that of the primary coil alone carrying 
a current of I, =J;—I,, where 1;,J, are the 
primary current, and the shading coil 
current in primary terms respectively. 

From the above discussion, the actual 
shaded pole motor of Figure 1(A) is trans- 
formed to the equivalent shaded pole 
motor of Figure 1(B). 


DERIVATION OF ROTOR EQUIVALENT 
CircuiT 


By Fourier analysis, each of the two 
coils of Figure 1(B) can be resolved into a 
series of sinusoidally distributed wind- 
ings of p, 3p, 5p..... poles. The effective 
numbers of conductors are, 7=1,3,5... 


Cn= C sin (n0m/2) for the main winding (1) 


Cn’ =(—1)"-9C sin (nOs/2) for the 
auxiliary winding (2) 


The magnitude of the n-th harmonic 
magnetomotive force, due to a current 
passing through a stator winding of 
Figure 1(B), is the same as that due to 
the same current passing through a sinu- 
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Nomenclature 


C=number of actual conductors 
n=effective number of conductors of the 
main phase n-th harmonic. (De- 
fined in (1)) 
»’ =effective number of conductors of the 
auxiliary phase m-th harmonic. (De- 
fined in (2)) 


D,=rotor ring diameter at which conductors 


_ enter the ring 

E,=dlectromotive force induced in the pri- 
mary winding by the total auxiliary 
phase flux 

Ey», =electromotive force induced in the pri- 
mary winding by the total main phase 
flux 

Es, =electromotive force induced in the pri- 
mary winding by the auxiliary phase, 
n-th harmonic mutual flux 

Emn=electromotive force induced in the pri- 
mary winding by the main phase, - 
th harmonic mutual flux 

En, En_=positive and negative sequence 
electromotive forces respectively of 
the »-th harmonic in main phase 
terms 

f=line frequency 

7, =line current 

J, =shading coil current in primary terms 

I; — i = nh, 

Th, In- = positive and negative sequences of 
the n-th harmonic primary current 

T+", In—" =positive and negative sequences 
of the m-th harmonic rotor current 

Ten, Tyn=auxiliary and main phase (with 90- 
degree phase shift) m-th harmonic 
rotor current 

K;” =rotor slot constant 

Ks: =primary winding slot constant 

Ks.=slot constant of the shading coil inside 
slot 

ly =effective length of air gap (in inches) 
accounting for slot openings and 

saturation of iron 

J =length per turn of shading coil (in inches) 


N=number of turns per pole of primary 
winding 

n=order of harmonics, »=1, 3, 5, ... 

p=number of poles of the shaded pole motor 

R=primary resistance 

Rq=shading coil resistance 

n=n-th harmonic rotor resistance 

Sq=total section of shading coil conductors 
per coil, in square inches 

S,=section of rotor conductor in square 
inches 

S; =section of rotor end ring, in square inches 

S;=number of rotor conductors 

S=ratio of actual speed to synchronous 
speed of the fundamental flux 

SK =rotor skew in inches 

Ty” =rotor tooth face in inches 

V=line voltage 

W=length of stack in inches 

¢:' =stator leakage flux which links the pri- 
mary coil only 

¢:'=stator leakage flux which links the 
shading coil only 

;'=stator leakage flux which links one 
shading coil and one primary coil 

¢,’=stator leakage flux which links one 
shading coil and two primary coils 

X,', Xo’, Xs’, Xs’ =leakage reactances due to 
1’, 2’, 3’, oa’, respectively 

X,," =rotor leakage reactance in main terms 
for m-th harmonic current 

Xmn=mutual reactance in main terms for m- 
th harmonic current 

\p = pole pitch in inches 

Om=angle of the unshaded portion of the 
pole arc in electrical radians 

6;=angle of the shaded pole arc in electrical 
radians 

Osx =angle of rotor skew in electrical radians 

oy =magnetic bridge flux, total lines per pole 


Cc 
f=—(2h—I 
mm ope n) 


Span, spang: coil spans in inches, of primary 
and shading coils respectively. 


soidally distributed winding of np poles 
with C, or C,’ effective conductors. Con- 
versely, if a current passes through all the 
windings of p, 3p, 5p poles with Ci, C3, Cs 
effective conductors in series, a magneto- 
motive force of rectangular wave form is 
obtained. These hypothetical windings, 


¢ : . . : 
when connected in series, are equivalent 


to the concentrated windings of Figure 
1(B). 

The stator flux of mp poles induces in 
the rotor cage a current distribution of the 
satne number of poles. Since the inter- 
action between current and flux of dif- 
ferent numbers of poles vanishes by 
averaging over a full cycle of the funda- 
mental flux, only the interactions be- 
tween the stator and rotor flux and cur- 
rents of the same number of poles need to 
be considered. The motor of Figure 1(B) 
is equivalent to a series of motors with 
common shaft and with their main and 
auxiliary windings connected in series as 
shown in Figure 1(C). The main dif- 


1951, VoLumE 70 


ference between Figure 1(B) and Figure 
1(C) is that in Figure 1(B) the two wind- 
ings are concentrated windings, while in 
Figure 1(C) the windings of all the motors 
are sinusoidal and the results of ma- 
chinery analysis can be readily applied to 
the individual motors. 

In Figure 1(C), the effective number 
of turns per pole are indicated for each 
winding.| The minus signs on the 3rd, 
7th harmonics, and so forth, in equation 2 
indicate a change in polarity of adjacent 
main and auxiliary poles if the polarity of 
the two axes for the fundamental flux are 
fixed. However, the signs of sin 76,,/2 
and sin 76,/2 may also be different. The 
sense of rotation of a certain harmonic 
flux depends on the final signs of the two 
effective numbers of conductors C, and 
C,’. If the signs are identical, the larger 
rotatiag component of the harmonic flux 
has the same sense of rotation as that of 
the main flux. 

The next step is to replace each hypo- 
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thetical harmonic motor of Figure 1(C) 
with an equivalent rotor circuit for that 
harmonic. In Appendix A of reference 4, 
a cross-field theory equivalent circuit is 
derived for the capacitor and other single- 
phase motors. As the differences between 
the capacitor motor and the hypothetical 
harmonic motor exist only in the stator 
circuit and not in the rotor circuit, the 
same steps leading to the rotor equivalent 
circuit Figure 1(A) and torque equation 1 
of reference 4 lead to an equivalent circuit 
for the n-th harmonic and an equation for 
the torque due to the n-th harmonic. 
By replacing each hypothetical motor in 
Figure 1(C) with an equivalent circuit so 
derived, we obtain the equivalent rotor 
circuit of Figure 2. The torque equation 
4 is derived by summing up the torques 
due to the fundamental and harmonic 
hypothetical motors. 

Since the winding ratios C,’/C, are dif- 
ferent for different harmonics, an ideal 
transformer of the ratio C,’/C, is provided 
in the auxiliary circuit so that the aux- 
iliary phase circuits can be connected in 
series. The ratio S is defined as the ratio 
of the actual speed to the synchronous 
speed of the fundamental flux. Since the 
synchronous speed of the m-th harmonic 
is only one n-th that of the fundamental, 
that ratio is mS instead of S in the har- 
monic equivalent circuits. The torque 
equation 1 of reference 4 is expressed in 
terms of synchronous watts. The har- 
monic torque calculated from that equa- 
tion is in units of synchronous watts of 
that harmonic. To convert it uniformly 
to synchronous watts in fundamental 
terms, each component in equation 4 is 
multiplied by its respective order of har- 
monic 7. 


The transformer ratio C,’/C, can be 
positive or negative, zero or infinity. The 
physical meanings of the last two cases are 
evident from the definition of this ratio: 


1. (Cn'/Cn)=0, the #-th harmonic flux 
does not exist in the auxiliary phase in which 
case, the m-th harmonic equivalent circuit 
can be disconnected from the auxiliary phase 
circuit. 

2. (Cn'/Cn)=e, the n-th harmonic flux 
does not exist in the main phase, The m-th 
harmonic equivalent circuit should be re- 
written in auxiliary phase terms instead of 
in main phase terms, and disconnected from 
the main phase circuit. The ideal trans- 
former can be removed. 


STATOR Circuit ELEMENTS 


The stator circuit elements are neces- 
sary for determining the currents /; and 
J, from the line voltage. They include the 
primary resistance, the shading coil re- 
sistance, and the four groups of leakage 
reactances, 
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The effect of the shading coil is repre- 
sented as a shunt across the auxiliary 
phase. X,’, the leakage reactance due to 
flux linking the primary coil only, in- 
cludes the following components: 

1. The stator slot leakage 

2, The end leakage, 

8. The skew leakage and the total react- 
ance of the higher orders of harmonies of 


the unshaded pole which are not expressed 
in the equivalent cireuit, 


X,' ean be represented as a series re- 
actance in either the main phase or the 
line side of the auxiliary phase. Since the 
two phases are in series except for a phase 
shift of 90 degrees, the presence of a re- 
actance in either phase is the same as in 
the other, 

X,' the leakage reactance due to flux 
linking the shading coil only, includes tlie 
shading coil slot leakage reactance of the 
lone conductor, and the coil end leakage. 
It is represented as a reactance in series 
with the shading coil resistance. 

X,' the leakage reactance due to flux 
linking one shading coil and one primary 
eoil, ineludes the skew, and high order 
It is 
represented as a reactance in series with 


harmonic leakage of the shaded pole. 


the motor side of the auxiliary phase. 

X;' the leakage reactance due to flux 
linking one shading coil and two primary 
coils, includes the flux by-passed by the 
magnetic bridge and the flux between 
adjacent pole tips. Sinee the winding 
ratio between the primary and the shad- 
ing coil is normally NV; instead of 2-1, 
this group of leakage reactance is repre- 
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sented as a reactance in series with X,’ 
perfectly coupled with an equal reactance 
in series with Xj’. 

The four groups of leakage reactances 
are illustrated in Figure 3. By adding 
stator circuit elements to the equivalent 
circuit of Figure 2, the complete equiv- 
alent circuit of Figure 4 is obtained. 
The positions of the four groups of leak- 
age reactance on the equivalent circuit of 
Figure 4 can be verified by checking the 
electromotive force equations derived 
from flux considerations against the mesh 
equations of the equivalent circuit. The 
same equations are obtained both ways. 

The two phase currents on the equiv- 
alent circuit are equal but 90 degrees 
apart. They are necessarily equal as the 
same primary winding energizes both the 
main and the auxiliary phases. Corre- 
sponding to the 90-degree phase shift on 
the equivalent circuit, the actual currents 
in the motor coincide with each other. 
This relation between the cross-field 
equivalent circuit and the actual motor is 
derived and explained in reference 4. 

The line voltage V is equal to the sum 
of E, and E,, vectorially. 


V=E,+Em (3) 


The torque in synchronous watts is 


= n SRn 
=> 1 eRe en n+ 
n=1,5,5 
2nRn 
am ag Limnos (Len, In) (4) 


The mutual reactance 7X4’ can be re- 
placed by the T-circuit as shown in 
Figure 5, The two circuits are inter- 
changeable for alternating current of the 
line frequency. ‘This substitution is made 
in Figure 6. By substituting the T-cir- 
cuit for the mutual reactance, the effect 
of the magnetic bridge flux can be made 
more apparent, 


Figure 1 (left). 


Actual and 
equivalent 
shaded pole 
motor 
I, 
| 
cs 
SP yt] Figure 2 (right)- eis | = 
7th 


Rotor equivalent 
circuit 
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Tue REVOLVING FIELD THEORY ee 
EQUIVALENT CIRCUIT 


Figures 4 and 6 are the cross-field 
theory equivalent circuits. The re- 
volving field theory equivalent circuit can 
be derived in a similar manner. For the 
n-th harmonic, the revolving field volt- 
ages and currents and the cross-field 
voltages and currents are related to each 
other according to the following equa- 
tions: 


QMn+ = [ a—m) ae in | (5) 
Cn 
) -| (hye +t | (6) 
Cn 
2En. = E C.! ~jEm | (7) 
2QEn i} E a +Em | (8) 


Solving Es, and En, in terms of E,+ and 
and E,_ from equations 7 and 8, we 
have 


Cn! 
Esn =¢, (Bn +En_) (9) 


=jEnn= Ens Ee (10) 


From equations 5, 6, 9, 10 and the in- 
dividual revolving field theory harmonic 
equivalent circuits, the equivalent circuit 
of Figure 7 is obtained. Since the trans- 
former ratio C,’/C, is different for dif- 
ferent harmonics, the currents J,, and 
I,_ are, in general, different for different 
harmonics. This is one of the essential 
differences between the equivalent cir- 
cuits of this paper and that of reference 1. 

The torque in synchronous watts is 


T= 24 [tne TP jp A 


TN =1,3,B-0ne —nS 


n=" | Pree wb (11) 
14+nS 


R R apie : 
jX -jh 
>) \Xmi 
S&S jXms 
| 
. Rn R “ 
jXn T¥ns T+ ns JXn ; 
) 0 ) Q 
= =) iXinn 
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The equivalence between equations 11 
and 4 can be readily established by using 
the following equations: 


It = (Fon+t yn) (12) 


1 
t=, (len —Iyn) (13) 


SOLUTION OF THE EQUIVALENT CIRCUITS 
BY A-C CALCULATING BOARD 


Theoretically, the equivalent circuit 
can be solved by solving the mesh equa- 
tions. It can be done with less effort by 
calculating the open circuit and transfer 
impedances of the main and auxiliary 
circuits. However, considerable amount 
of time can be saved by actually laying 
out the circuit on an a-c calculating board. 

Both the main and auxiliary phase cur- 
rents can be supplied by a 2-phase alter- 
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Figure 3 (left). 

Four groups of 

stator leakage i 
flux 


Figure 5 (right). 
Equivalent — cir- 
cuits for the mag- 
netic bridge > 


nator with very high synchronous im- 
pedance as compared to the impedances 
of the equivalent circuit. As the alter- 
nator operates at virtually short-cir- 
cuited-condition, the two phase currents 
are always equal and in quadrature. The 
sum of E, and E,, can be measured di- 
rectly by a phase sequence voltmeter as 
shown in Figure 8. Its value can be ad- 
justed to equal the line voltage by ad- 
justing the field current of the alternator. 
It is evident that the open circuit voltage 
of the alternator would be many times 
higher than the line voltage with this ar- 
rangement, and care must be taken to 
keep the circuits closed always. 

The phase sequence voltmeter in Figure 
8 can be made from an ordinary volt- 
meter by adding a capacitor of the same 
reactance as the resistance inside the 
meter, This would not introduce ap- 
preciable error if the impedance of the 
meter coil is sufficiently low. 


Figure 4 (left). 
Equivalent circuit 
of the shaded 
pole motor—cross- 
field theory 


Figure 6 (right). 


An __ alternative 
form of _ the 
equivalent —cir- 

C cuit C 
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The transformers in Figures 4, 6, and 7 
are ideal transformers which have in- 
finite magnetizing reactance and zero 
leakage reactance. The magnetizing 
reactance and leakage reactance of an 
actual transformer can be absorbed in 
the series and parallel reactances X43’, 
Xn andes n. 

The iron.loss in a shaded pole motor is 
partly due to the fundamental flux and 
partly due to the harmonic flux. Its 
effect can be accounted for in the equiv- 
alent circuit by adding series or shunt 
resistors to the leakage and mutual react- 
ances. 

However, the main difficulty in con- 
structing a calculating board for the 
shaded pole motors is the presence of 
negative resistances in both the cross- 
field and revolving field equivalent cir- 
cuits. These negative resistances can be 
replaced by small generators, the ad- 
justments of which are likely to be diffi- 
cult. 

The fundamental and the third har- 
monic are the only important circuits to 
be present in the calculating board. The 


other harmonies have little or no effect 
to the primary and shading coil currents 
and can be calculated as corrections to 
the torque and watts after the primary 
and shading coil currents have been de- 
termined. 
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Calculation of Circuit Constants 


The equations for circuit constants are 
based on Triekey’s papers,** with neces 
sary modifications for the harmonic cir- 
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RSIBTANCES 

RK, primary winding resistance; This 
is preferably measured or calculated from 
the wire table, 

R,, shading coil resistance : 
My 


if 
Ry = 0,008 


Sa ap 


~1Q7" (14) 


for copper shading coil at 25 degrees centi- 
grade, 

Wquation ld is mathematically equiv 
alent to Trickey’s equation of shading 
coil resistance, There is a difference in 
the definition of S,. lor motors with one 
shading coil per pole, the two definitions 
ave the same, Tor motors with more than 
one shading coil per pole Sy is defined as 


(the total section in this paper, Thus 


[Sa | = Sa/ Ny 


The sign | | is used to denote the S, in 
accordance with, 
Also by definition 


Trickey's definition, 


( ‘4 = ap Na, Inoa be ala 


Substituting the above expressions in 
Trickey's equation, we have 


\ 
= by 3 
ra = 1.385 Nip | —— }’x 10-8 
Me (<<) x 
Ny 
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Figure 7 (left). Equivalent 

circuit of the shaded pole 

motor-revolving field 
theory 


Figure 8 (right), An a-c 


C circuits 


(64. 
ye Oat 
Oa 4p 


Yqa=0,6925 


R,, the n-th harmonic rotor resistance: 


es ( V we4 SK* , 0.637D,) 
S.Se Srpn? 


1.3885Cn?X10-8 (15) 


n=1,3,5..., for copper bars and rings at 
25 degrees centigrade. From equation 
15, it is evident that while the resistance 
of the conductors affect the fundamental 
and harmonic currents equally, the re- 
sistance of the end ring is mainly in the 
fundamental circuit. 


MUTUAL REACTANCRS 


Xmn, Mutual reactance of the n-th 
harmonic: 


nOsx/2 
(16) 


0,64 dr, \ si sn / 2 
Xm n= QmrfCn*10 ~ (2 6 A7W, $i. nd h/ 
lopn* 


for the n-th harmonic equivalent circuit, 
where n=1, 3, 5... 

In equation 16, the average effective 
value of the air gap /, is used. Sometimes, 
it is found desirable to have a larger air 
gap along the unshaded portion of the 
pole are, This is in effect a reactance 
shunted across the main phase to shift 
the main phase flux further in the lead. 
Its effect can be accounted for in the 
equivalent circuit by calculating the 
mutual reactance separately for the main 
and auxiliary phases, using two different 
values of /,, but for the fundamental flux 
equivalent circuit only, For the har- 
monic flux, the main and auxiliary poles 
are well distributed along the pole face, 
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board for the equivalent 


alternator 


phase sequence meter 


Since some among each group are in the 
long air gap range and others in the short 
air gap range, the same weighted average 
value of the air gap is used for both the 
main and auxiliary in the harmonic flux 
equivalent circuits. 


STATOR LEAKAGE REACTANCES 


There are four types of leakage react- 
ances: 


Slot leakage 

End leakage 
Harmonic leakage 
Skew leakage 


fi CoP a= 


The lower order harmonic flux of the 
stator windings are accounted for in the 
equivalent circuits while the higher har- 
monics appear as leakage reactances. This 
and the skew leakage can be calculated as 
the difference between the total air gap 
reactance and the sum of the mutual 
reactances of various harmonics. 

The four groups of the stator leakage 
reactances can be calculated according to 
the equations below: 


3.19W an 
Ka+=— 


2p 2p ‘ 


xy! = Qmfc210-8 ( 


8.19W ,, Om 
raid cere ( (17) 
3.19W span 
a mzasetio-*( - Rate a ‘ (18) 
3.19W\),, Os 
Xx, 1 = 721078 ee le 
AON ( Aply “) 


ren TGR) at's 
ES (£) +%m( 2) ton] (19) 


AIEE TRANSACTIONS» 


ey 
r 


ye =2nfer10-( 9 *) 
ey 
C2 
dof (20) 
45 X 1082p(mmf) 


Roror LEAKAGE REACTANCES 


The rotor leakage reactances are dif- 
ferent for rotor currents of different num- 
bers of | poles. The rotor leakage react- 
ance for each stator harmonic has to be 
individually calculated. The n-th har- 
monic flux of the stator induces in the 
rotor a current distribution of np poles. 
Because of the finite number of rotor 
bars, the rotor current of np poles, pro- 
duces rotor flux of 2.S,+mnp poles, 4S,+=np 
poles...in addition to rotor flux of np 
poles. If the stator current induced by 
the extra rotor flux is neglected, the ef- 
fect of the extra rotor flux can be con- 
sidered as part of the rotor leakage react- 
ance to the rotor current of mp poles.® 
The value of this leakage reactance is of 
the order: 


0.647 Wd np \? 
2109-8 P 
ibang ( lypn? eee) 


For higher orders of space harmonics, 
for which 2S,—np<np, this leakage re- 
actance is considerably higher than the 
mutual reactance X,,, and limits the 
rotor current in the harmonic equivalent 


circuit to a very low value. Consequently 
the effect of the stator harmonic flux of 
the order S;/p or higher can be neg- 
lected. 

For the fundamental current and lower 
harmonic current, the rotor harmonic 
leakage reactance can be approximately 
calculated from the ‘overlap’ point of 
view with zigzag reactance formula. 


Va Mein tg ” ‘a " ” 
Xn =Xnratot +Xnona Alte pace te 


Xratesag (21) 
6.38W 
Knot! = 2af Cnr? X 10-8 Ks (22) 
Os 
AS 
Xnena” = 2mf Cn? X 10- er (23) 
Z , 0.647 W),, 
x Nskew 2nfCn?X ae +( 9 S8rts lgpn* 4 p 
(1 sin nOsx /2 (24) 
nO sx /2 
- 6.388W Ty" 
Aiea = 2afCnr?10- 8 2 4ly (25) 
n=1, 3,5 


Useful Deductions from the 
Equivalent Circuits 


Though the solution of the equivalent 
circuit is numerically complicated, some 
useful results can be obtained from. the 


circuit without solving it. Besides prob- 
lems common to other types of motors, 
the main concern in designing a shaded 
pole motor is: 


1. To obtain sufficient phase shift of the 
shaded pole flux without having excessive 
shading coil copper loss. 


2. Toreduce the harmonic flux or to render 
it ineffective. 


PHASE SHIFT 


The common effects of the four groups 
of stator leakage reactances are increased 
saturation of the stator lamination and 
reduced output due to the reactive voltage 
drop. Besides the undesirable effects, 
X,' reduces the lagging angle of the 
shaded pole flux, X3’ increases the angle 
slightly, X4/ is most effective to increase 
the angle, while X,’ does not affect the 
angle in one way or the other. These 
effects can be seen from the equivalent 
circuit of Figure 6. 

The following measures are helpful to 
increase the angle of phase shift: 


Shading Coil Position. The inside con- 
ductor of the shading coil should be close to 
the air gap to reduce X,’. The outside 
conductor of the shading coil should be 
close to the slot bottom to increase X,’ and 
to reduce X,’. 


Shading Coil Pitch. Between the har- 
monic leakage reactances, X;' is less objec- 
tionable than X,’, as X3’ helps to increase 
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Poe £00, —0555-. 5, O128 22. 10.50 ..0.5. 2536) Sarees UeoGenick lat OGSS, eats 15.62 eben cad ot 2.77 apot 1.84 P 
0.8 ...4+710.0..+74.25..+72.65...+j2.50...+716.05...... +711.98....—g3.56. wo f71.80.../—17.6°.... 921.96. ./—55.5°. ../—73.1°.,../—28.4 
Aa ee L805. O46. 0a, O22) wins US.65 5. ws SRO nerd ee GAS ss Let ens O022 18.66 sete eset) recut Oi vale aoe aye: § E 
0.9 ...+720.7..+74.24..+j2.62...+j2.50...+j21.39...... +7189.55....—j5.83....+71.30.../—6. .. $725.93. ./—54.38°.../—60.8°.../—47.2 
BUR pol, 048). maOPQT ees 18,08 es. Svea BE se Mocs 20 Gans WA te Te a Ol 
0.95...+7385.4..+74.23..+72.60...+72.50...+928.72...... TIS. Ti an — 7002... ce pplsOe, fb. .. $781.1.../-58.1°.../-56.4 /-59.1 
Table |. Performance Calculation (Continued) 
@ 0) @) @ @) ) @) 
Torque (Oz. Ft. 
cA pantie Watts Input Power 
and Watts Theo- Efficiency, Factor, 
hy|  |h-| [Fo.| Fund 3rd, H. Windage Net Output retical Iron Loss Total % % Rpm 
Ween) 5G) 4,- (46) nd (46) we. 0,3) cu... 
Cie tcaeaioam chaste. —0.552.... 
2.32. 0 . -0.3 
@06...2.11....1.75... 5.20. —1.48. —0.38 ...... 3.34 
2.47...2.04...1.39....10.4 . —0.57. = (),62. onus 9.2 
Weve t.et...0.94.... 9.1. —0,23. —0.7 
ietaoOseet.61...0.57.... 5.84..,.—0.08. —0.75 ...... 5.01 
Note: 224, Z:—, 4a, I:- are calculated in auxiliary phase terms. Equations 41, 42, and 43 are correspondingly modified. 
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the phase shift. The harmonic leakage 
flux of the unshaded pole should be kept at a 
minimum. The ratio of the harmonic 
leakage reactance, including lower order 
harmonics, to the reactance due to the 
fundamental flux is 


Po 
X harmonic us 


X fundamental +9 Om 


For this ratio to be a minimum, its de- 
rivative is equated to zero. The result is 


Om = 2.33 radians = 133.5° 
6s =180°—133.5°=46.5° 


(26) 
(27) 


Since the ratio of X),/X, is fairly con- 
stant near the minimum value, a smaller 
value of 6,, and a larger value of 0, can be 
used than that given in equations 26 and 
27. But no possible advantage can be 
gained by making the shading coil pitch 
6, less than 46.5 degrees. 

Shading Coil Resistance, and Magnetic 
Bridge Reactance. The auxiliary phase cur- 
rent can be readily calculated for the locked 
rotor condition. It is: 

MD ON Ga he 
Ty i x2" +405! +54’) + Ra +Zs 


(28) 


where Z; is the auxiliary phase impedance at 
standstill. 


Za 2 


1 =1,3,5.006 


(S ee (23) 


Cn HXmn+Xn")+Rn 
Equation 28 indicates that for satis- 
factory starting condition: 
X,’>X2! 
Ra&|i( x2’ + ats! +211’)-+Ze| 


(30) 
(31) 
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REDUCTION OF HARMONIC FLUX 


The harmonic flux causes low pull-in 
torque and excessive rotor copper loss. 
The rotor copper loss due to harmonic 
currents is the more undesirable as it acts 
as a brake or a mechanical friction. Since 


the frequencies of the rotor harmonic _ 


currents are very high, this loss is mani- 
fested by the skin effect which increases 
the rotor resistance and reduces its slot 
leakage reactance. 

To nullify the harmonic flux, there are 
four factors at a designer's disposal: 


Shading Coil Pitch 


Equations 1 and 2 show the effect of 
coil pitch on the amount of harmonic 


flux. Since 6,,+0,=7, equation 2 can be 
written as 

Cn'=C cos (n6m/2) (32) 
From equations 1 and 32, we have 

Cr? + Cn’? = C? (33) 


Equation 33 shows that, though the 
harmonic flux of a certain order can be 
reduced in any one of the two phases, by 
changing the coil pitch, this necessarily 
increases the harmonic flux of the same 
order in the other phase. No complete 
elimination of a certain harmonic is pos- 
sible. 4 

Since the main phase current J, is con- 
siderably larger than the auxiliary phase 
current J;—J,, the total amount of a cer- 
tain harmonic flux can be reduced by elim- 
inating it from the main phase. Among 
the various harmonics, the third har- 
monic is most difficult to nullify by other 


. Chang—Equivalent Circuits 


OUTPUT 


WATTS 


means. It can be eliminated from the 
main phase by making 0,,=120°. How- 
ever, this angle is not critical. 

From equations 1 and 2, C; and C;’ 
are both negative if Am_>120°, one posi- 
tive and one negative if 0,,<120°. When 
C3 and C;’ are of the same sign, the third 
harmonic flux increases the starting 
torque. 

The proper range of the shading 
coil pitch is, therefore: 


46.5°<0s<60° (34) 


Rotor Skew 


One effect of the rotor skew is to reduce 
the amount of rotor current induced by 
the stator harmonic flux. This reduction 
is shown on the equivalent circuit through 
a decrease in the mutual reactances Xm», 
and an increase in the leakage reactances 
X,,” as given in equations 16 and 24. 

In Figure 9, the skew factor is plotted 
as a function of the angle of skew. The 
third harmonic current in the rotor can 
be completely eliminated by a skew angle 
of 120 electrical degrees. This large skew 
angle is not only difficult to make, but 
also is undesirable as it causes excessive 
leakage reactance in the fundamental cir- 
cuit. A good compromise for preserving 
the fundamental flux and reducing the 
various harmonic flux is a skew angle of 
60 electrical degrees. At 60 degrees, the 
fundamental flux is reduced by 4.5 per 
cent, but the third, fifth, and seventh 
harmonics are reduced by 36 per cent, 
81 per cent, and 86.5 per cent respec- 
tively. 
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Number of Rotor Conductors 


As pointed out in a foregoing para- 
graph, when the rotor conductors are too 
few to follow the wave form of a high 
order harmonic flux, very little rotor 
current is induced by that flux. Its 
effect is the same as an additional leakage 


reactance in the rotor circuit’ for that 


harmonic. This leakage reactance, to- 
gether with the skew leakage reactance, is 
sufficient to limit the rotor current to a 
negligible value for harmonics of the order 
S,/p or higher. The optimum number of 
rotor conductors is about 11 to 13 per 
pair of pole, and the effect of the harmonic 
flux above the fifth or the seventh can be 
neglected. Too few conductors result in 
high zigzag leakage reactance which re- 
duces the motor output. 


Rotor Conductor and End Ring Resistance 


It is apparent from the equivalent cir- 
cuits that the rotor resistance is not a 
factor in limiting the harmonic currents. 
To reduce the rotor copper loss due to 
harmonic currents, the rotor resistance for 
harmonic currents is preferably as low as 
possible. But proper amount of rotor 
resistance is necessary for the funda- 
mental current to give adequate starting 
torque. This can be done by making the 
rotor bar resistance as low as possible and 
increasing the rotor ring resistance to 
make up the required rotor resistance for 
the fundamental current. The end ring 
resistance is negligible for harmonic cur- 
rents. 


An Example of Performance 
Calculation 


The performance of a 4-pole 60-cycle 
115-volt shaded pole motor is calculated 
and the results are compared with test 
values. The motor constants, except the 
primary winding resistance R, are cal- 
culated from the dimensions and winding 
data. They are: 


Cr=57° S, =0,076 
Sp=o4 
Om = 123° D, =2.15 
C=760 Ke= 1:0 
p=4 Ks, =0.60 
W=2.5 Ky=1.6 
Ap = 1.96 Ty’ =0.182 
Osx =58.2°(SK =0.63) span; =2.0 
Ig =6.875 span, = 0.4 
Ip =0.0264 é,=slot opening be- 
Sq =0.010 tween adjacent 
S,=0.0346 poles =0.120 


d,=depth of the slot 
opening = 0.060 


Because the opening e, is compara- 
tively small, magnetic bridge is not used. 


The motor constants are calculated from 


’ 


equations 1, 2, and 15 to 25 inclusive: 
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C, = 668, C;= —60, Cs= — 603, C;=716 (1) 


Ts Za —Z: 


C,’ = 363, Cy’ = —759, Cs’ = 463, Cr’ =254(2) 7, 7,4 Za +j(Xy/ +2X,') (44; 
R=2.05 (measured) eae San : 
Re=14.7 (14) 
Mutual Reactances In Main Terms In Auxiliary Terms 
Xm 48.4 14.3 
Xmg 0.08 4.66 (16) 
Xms 0.37 0.22 
Xmy 0.138 0.02 
Total 48.93 19.20 
X,' =7.82 (17) 
Xe =1.85 (18) 
X;' =6.20 (19) and 
X,' =0.55 (20) 


Since C; and X,,3 in main phase terms 
are very small, the third harmonic effect 
of the main phase is negligible; and the 
third harmonic rotor constants are cal- 
culated in auxiliary phase terms. (C;’ in- 
stead of C; is used in the calculations. 


R,=4.11, Rs =3.71, Rs=2.26, Rr=3.16 (15) 


V=Es+En =I, (Zm+-Zi+R+j(X1'+2X,')] 
=I; [Zs —Zt+j(Xa'+2X4’))] (45) 


The ratios J;/J, and V/I, are calcu- 
lated from equations 44 and 45. The 
currents J» and J, are then calculated 
from these ratios. From equations 5 and 
6 the currents J,+ and J,_ can be calcu- 
lated. 


Rotor leakage reactances: 


Fund. 
Slot plus zigzag 2.12 
End 0.41 
Skew 2.02 


38rd 
2.73 
0.06 
2.55 
Total X,” =4.56, X3"=5.34, X,” =3.02, X7"=3.50 


5th 7th 

1.73 2.44 (22), (25) 

0.02 0.01 (23) 

Leet 1.05 (24) 
(21) 


Since the mutual reactances Xj,5, Xin7 
are much smaller than the rotor leakage 
reactances X5” and X,” respectively, the 
effects of the 5th and 7th harmonics can 
be neglected. This will be verified nu- 
merically in calculating the pull-up 
torque. 

The equivalent circuit of Figure 7 
is referred to for the solution below: 


E,—2jX4'T,=(h@—-1s)Za (35) 
Es —2jX4'T= [Zs t+j(X3'+2X4’)] 
Is+Zih (36) 
Em =h(Zm+R4+jX1')—Zels (37) 
where 
Za=Ratj(X2!—X,’) (38) 
R 
ixtnt( A330") 
|\l—ans 
ey i ee (39) 
tt (Xn +Xmn) 
l—ns 
R 
iXma( 45%) 
1+ns 
Zn_= = (40) 
(Xn + Xm 
WONG n + nn) 
1/ Gn’ \? 
en (=) (Zn +Zn—) (41) 
n=1,3,5 2 Cr 
1 
eae (ent n-) (42) 


Nn =1,3,5 


»e 


n =1,3,5 


i{ c'\ a 
Z1= -i( es ut Zn-) (43) 
From equations 35 and 36, we obtain 


Chang—Equivalent Circuits. 


” 


The torque can be readily calcu- 
lated from the primary currents instead 
of the rotor currents as Z,+ and Z,_ have 
already been computed. 


225.4 
cal Ais Toi = 
ET Make my] *Rr 


\In—|?Rn-} (46) 


where R,,,. and R,_ are the resistive com- 
ponents of Z,, and Z,_ respectively. 
The detailed calculations are given in 
Table I. 

The effect of the fifth harmonic is cal- 
culated for the point S=0.4. From 
equations 5, 6, 39, and 40, we obtain the 
following: 

Ts, | = 2.07 

[Is_| =3.37 

Zs, = —0.019+470.3438 
Zs. =0.009-+]0.33 


From equation 46, the torque due to the 
fifth harmonic is 


225.4 


=—— 5X [2:07?X(—0.019) — 
1,800 a a ) 


3.372 0.009] = —0.12 ounce feet 


Ts 


The fifth harmonic torque is smaller for 
higher speeds and is neglected in calcula- 
ting the pull-out torque and running per- 
formance. 

The foregoing calculations can be re- 
peated for a motor without skew, but 
otherwise the same as the above example. 
At S=0.4, the third harmonic torque is 
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about —3.5 ounce feet and the fifth har- 
monic torque is about —2.4 ounce feet. 
With a negative net torque, the motor 
evidently would not pull up to speed. 
Not so disastrous but rather poor results 
are obtained with 0,=0,,=90 degrees 
while keeping 0,, at 58.2 degrees. 

The comparison between calculated 
and test results are given in Figure 10. 
The calculation is based on strictly theo- 
retical equations and equivalent circuits 
without the slightest modification of an 


L. C. Packer (Westinghouse Electric Cor- 
poration, Springfield, Mass.): The shaded 
pole motor is one of those small unglamorous 
but important types of simple construction, 
of which several millions are made every 
year to drive ventilating fans and other de- 
vices, However, the design of them has 
been a laborious task because they are com- 
plicated to analyze. 

Experienced induction motor designers 
have been able to do a reasonably good job 
by following induction motor procedures as 
far as possible and then applying their ex- 
perience with shaded pole motors to com- 
plete the job. Trickey’s two papers! have 
helped considerably to expose some of the 
mysteries of shaded pole motors, followed by 
papers by Kimberly, Kron and others and 
then this paper by Chang, all of which have 
added considerably to the art of designing a 
type of motor which is probably the most 
difficult and laborious to design. 

Chang has presented his analysis in a 
clear and concise manner and his method of 
calculating performance is in relatively 
close agreement with test results considering 
that he has not taken into account satura- 
tion and temperature. Trickey’s method 


for calculating performance also agrees 


MOTOR LOCKED — PHASE SEQUENCE 
ow TOTAL POLE 
gem SHADED POLE 


AINSHADED POLE 


\ 
\ \ 
MAGNE TORE OF CURVE IS 'DFRD SIGNIFICAN 
CURVEFTAKEN FOR PHAGH SEQUENCE ONL 
\ 


V \, y 
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empirical constant. It is evident that 
better agreement would be obtained if 
the effects of saturation on leakage re- 
actance and the effects of temperature 
rise and skin effect on rotor resistance are 
considered in calculating the motor con- 
stants. 
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Discussion 


reasonably well with tests. These two 
methods together with Kron’s analysis 
should prove valuable tools for shaded pole 
designers. 

Figures 1 and 2 of this discussion may be 
of interest to shaded pole motor designers. 

Figure 1 shows a flux study and phase 
relations (running) of a shaded pole motor. 
The search coils were connected to three 
elements of the oscillograph. The har- 
monics show very clearly. The speed was 
87 per cent of synchronous speed. 

Figure 2 shows the phase relations, with 
the rotor locked. The magnitude of the 
waves has no significance as the oscillograms 
were taken for phase sequence only. 


REFERENCE 


1. See references 2 and 3 of the paper. 


L. A. Doggett (Bucknell University, Lewis- 
burg, Pa.): For many years I have been 
interested in the design of shading coils. 
Some ten years ago I ran a 2-year investiga- 
tion of the design of shading coils for a-c 
contactors. I had hoped to continue this 
investigation to cover the design of shaded 
pole motors. Mr. Chang has now done 


Figure 1 (left) 


Figure 2 (left) 


Figure 3 (right) 
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much of this work for me. Although shad- 
ing coils for contactors and motors have 
much the same physical appearance, the 
reason for their use is quite different in the 
two cases. For contactors, reduction of 
the pulsations in pull is sought, whereas in 
the case of the shaded pole motor we wish to 
achieve the best starting torque and as large 
a pull-out torque as possible. 

One striking contrast between the two 
cases is brought out by the following table: 


Shaded Pole 
Contactors Motors 
Shading Shading 
Coil Spans Coil Spans 
2/8't0 3/40 ais sac ate eee 1/3 to 1/4 
of Pole Face. 3... .)0:s:6: auth «:3 ee of Pole Face 


The curves of Figure 10 would be im- 
proved by extending them a little beyond 
the pull-out point. If this were done, the 
speed curves would take a sharp downward 
bend at the 120-watt edge of the figure and 
head towards the 720-rpm 21-watt point. 
Similarly the power factor curves would turn 
back on themselves and head for the 52 per 
cent, 21-watt point. A better picture of the 
performance can be obtained if rpm, power 
factor, efficiency, and current are plotted 
against torque. This suggestion has been 
partly carried out in Figure 3 of this discus- 
sion, where the test results are shown by 
broken lines and the calculated results by 
solid lines. 

The motor tested had a 26.4-mil air gap. 
Is not that a rather long air gap for a 0.1- 
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horsepower motor? A little further dis- 
cussion by the author of the effect of air gap 
length on motor performance would be 
appreciated. 

I would like to congratulate the author on 
the progress he has made in analyzing the 
extremely difficult problems associated with 
this extremely simple appearing motor. 


S.S. L. Chang: The writer appreciates the 
kind remarks of Mr. Packer and Mr. Dog- 
gett. Figures 1 and 2 of Mr. Packer’s dis- 
cussion show the flux of the shaded pole and 
unshaded pole plotted against time. These 
illustrations clearly indicate an increase in 
the phase difference between the shaded 
pole flux and unshaded pole flux at running 
condition. This agrees with calculated re- 
sults from the equivalent circuit and pro- 
vides another link between theory and test. 
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Mr. Doggett asked about the effect of air 
gap on motor performance. In most induc- 
tion motors, a smaller air gap usually gives 
better performance by reducing the mag- 
netizing current, however, this is not always 
the case for shaded pole motors. Especially 
for 2-pole and 4-pole motors, we found that 
an adequately large air gap gives better 
torques and efficiency than a small air gap. 

The effect of air gap can be well under- 
stood from the equivalent circuit. As the 
leakage reactances of 2-pole and 4-pole 
shaded pole motors consist largely of skew 
and harmonic components, which are almost 
inversely proportional to the air gap, a 
small air gap makes the leakage reactances 
too high for adequate output. The har- 
monic mutual reactances are also inversely 
proportional to the air gap. These react- 
ances are preferably small to reduce the har- 
monic rotor currents. On the other hand, 
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too large an air gap increases unduly the 
primary copper loss. In a well-designed 
shaded pole motor, the air gap is such that 
the primary copper loss is a small but sub- 
stantial part of the total loss. The proper 
air gap for 2-pole and 4-pole motors are 
usually larger than the minimum feasible 
value from the mechanical and manufac- 
turing standpoints. For motors of six 
poles and above the air gap is preferably 
small. 

Sometimes the starting torque can be im- 
proved by making the air gap larger at the 
unshaded pole tip to assimilate the effect 
of reactive split phase. This was done in 
the motor cited in the example. The air 
gap was 0.017 inch except at the unshaded 
pole tip where it was 0.040 inch. The value 
0.0264 inch used in the paper was the 
weighted harmonic average value with the 
effect of slot openings considered. 
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-~ Measurement of D-C Machine 


Parameters 


ROBERT M. SAUNDERS 


MEMBER AIEE 


Synopsis: An equivalent circuit is sug- 
gested to represent the d-c machine when 
operating under near normal current condi- 
tions. This equivalent circuit contains re- 
sistances, inductances, and speed-voltage 
constants. Certain d-c tests are suggested 
for obtaining the resistances and speed- 
voltage constants. Either the transient or 
a-c methods may be employed for ascer- 
taining the inductances although the a-c 
method seems the simpler; circuits and 
techniques are described for both methods. 
Experimental verification of the equivalent 
circuit and methods of measurement take 
the form of application to a compound 
motor and to the amplidyne, a complex d-c 
machine with many diverse windings on the 
same magnetic circuit. 


ARAMETER measurement methods 

for the d-c machine have been of 
considerable interest of late because of the 
necessity of predicting short circuit 
characteristics and applications to servo- 
mechanism circuits. A d-c machine 
short-circuit involves extremely large 
armature currents while servo circuits 
involve currents of a much smaller mag- 
nitude. It is with the latter problem that 
this paper is mainly concerned. While 
the currents are of more or less rated 
magnitudes in servo circuits, these cur- 
rents may change sufficiently rapidly so 
that the inductive effects in the machine 
must be considered along with the re- 
sistances and other factors; in other 
cases the rates of change of currents may 
be sufficiently low so that the inductive 
effects can be ignored. The standards do 
not cover the inductance measurement 
problem, and further, the methods of de- 
termining the resistances prescribed by 
the standards are based on giving values 
accurate enough for efficiency data but do 
not result in accurate results in servo 
system calculations. The author has had 
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some success in the use of a d-c machine 
equivalent circuit for servo system anal- 
ysis and has developed a means of 
measuring the parameters of this equiv- 
alent circuit by means of certain d-c plus 
power-frequency a-c measurements. It 
is the purpose of this paper to present 
this equivalent circuit and to discuss the 
measurement of the parameters of the 
circuit by various means; experimental 
verification will be presented to illustrate 
the validity of the analysis. 

In this approach, it is assumed that the 
observer has no knowledge of the machine 
design information and is more or less ap- 
proaching the machine as a “‘black box”’ 
problem. In general, the usual d-c 
machine may be considered as a 6-ter- 
minal network in which there are re- 
sistances, self-inductances, mutual ef- 
fects between the fields and armature 
circuits, and speed-induced voltages. 
Because the general features of the d-c 
machine are known, one may set down an 
equivalent circuit without resorting to 
the generalized 6-terminal network anal- 
ysis. 

Undoubtedly Miller’s equivalent cir- 
cuit! was formulated by others at an 
earlier date (1933), but his is the first no- 
tation that has come to the author’s atten- 
tion; others?’ have used this circuit. Fig- 
ure 1 shows this equivalent circuit. The 
shunt field hasa certain resistance and self- 
inductance, R; and Z;. The shunt field 
also will induce a transformer-type volt- 
age in the armature circuit to which it is 
inductively coupled through brush shift, 
or demagnetizing effect of armature reac- 
tion, all these inductive effects being 
summarized as a mutual inductance, 
Mia; in addition, there is also a trans- 
former induced electromotive force pres- 
ent in the series field due to the mutual 
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inductance, M,,. The shunt field will in- 
duce a speed-generated voltage at the 
brushes due to the rotation of the arma- 
ture; this speed induced voltage constant 
is designated by K., ohms per rpm (in- 
duced volts per ampere of field current 
per-unit speed). Similar constants, R,, 
Ls, Msa, Mis, and K,,, will be associated 
with the series field and be defined in the 
same fashion. Any other windings in the 
same magnetic circuit as the shunt field 
will have similar constants. Considering 
now the armature circuit, it will have a 
resistance, R,, which represents the re- 
sistance of the armature conductors, 
brushes, and interpoles; and a total self 
inductance, L,, corresponding to the same 
circuit elements. The armature circuit is 
loosely coupled to the shunt field through 
Mi, and to the series field through Mg,. 
It will also self-generate a speed-voltage 
at the brushes due to current in the arma- 
ture alone, the constant describing this 
voltage defined as Ky. 

It is with the determination of the 
constants Rj, R;, Ra, Lay) alee 
Moa, Mis, Kea, Kia, and (ky thabecus 
paper is concerned. 

There are three approaches to the 
solution of this problem that have been 
reported to date, (1) the transient method 
basically presented by Bower‘ in his paper 
on amplidyne characteristics, (2) the 
bridge method presented by Koenig,’ and 
(3) the a-c method discussed very briefly 
by the author in a previous paper,* and by 
Snively and Robinson.’ The bridge 
method has been well expostulated, but 
neither the transient nor the a-c methods 
have been applied to the whole d-c ma- 
chine. Thus, this paper will be confined 
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to the applications of Bower’s work to all 
d-e machines and to an amplification of 
the a-c techniques which the author has 
employed and which Snively and Robin- 
son have used to determine the armature 
self-inductance. 


D-C Measurements 


All quantities except the self- and mu- 
tual inductances may be measured by 
certain d-c tests. The field winding re- 
sistances may be measured by means of 
voltmeter-ammeter, Wheatstone, or Kel- 
vin Bridge methods. The resistance of 
the armature and the other constants can 
be obtained by means of the open and 
short circuit tests as a d-c generator, a 
test somewhat synonomous to the syn- 
chronous impedance test for alternators. 
Figure 2(A) shows the manner of con- 
ducting the tests. Curves of open circuit 
voltage and short circuit current as a 
function of shunt field current for two 
different speeds, w; and w2, are found and 
plotted as shown in Figure 2(B). This 
test should be confined to the lower por- 
tion of the saturation curve where the 
cross magnetization due to armature 
reaction does not introduce a net de- 
magnetization of the poles. If this is 
done, the curves will be nearly straight 
lines over the lower portion. In Figure 
2(B), at the field current, J), and at the 
speed , 
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Figure 2(A). Test circuit for ascertaining the 
d-c constants of a machine. The current, |, 
is varied and corresponding values of E, and |, 
are read for two different speeds, w,, and w, 


The constants Ki, and K,, are the 
slopes of the open-circuit saturation 
curves divided by the speed. For the 
shunt field: 


Ea 
ee hae 
For the series field the use of a series field 
saturation curve in a similar manner will 
ascertain K,,, The ratio of the series and 
shunt turns also is needed and this is ob- 
tained by generating a voltage with one 
field separately excited and then gen- 
erating the same voltage with the other. 
When voltages are equal: N,\J,;=N,J;. 
Since J; and J, are known, N,/N, can be 
found; this assumes that the leakage 
paths for the two fields are the same. 
Thus, from resistance measurements and 
the open and short circuit tests Ri, R;, R,, 
Ky, Kia, Ksq and N,/N, can be ascer- 
tained leaving only Z;, L,, Lg, Mis, Mia, 
and M,, to be found. 


Transient Method 


Briefly, this method, first enunciated 
by Bower,‘ calls for the measurement of 
the time constants by means of oscillo- 
grams when step values of voltage are 
applied to the various circuit elements. 


Figure 3(A). Transient method of measuring 
the shunt field self-inductance and mutual in- 
ductance to the series field 
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Figure 2(B). 


Curves resulting from the data 
collected from the circuit of Figure 2(A) 


Figure 3(A) shows the circuit necessary 
to obtain Z;, Mis, Mig, and R; (it may be 
preferable to measure resistances as de- 
scribed in the last section). These values 
may be checked by taking the decay of 
current as well when a low value of re- 
sistance is connected suddenly across the 
field terminals. In Figure 3(B) the shunt 
field resistance is the ratio Hj/t19 and 
I1/R1 is ty. The value of 14, can be de- 
termined at any convenient point, fi, by 
taking the slope of the shunt field current 
curve; from which 


€. 
Mi; = a 


UY 
dt \t, 


While the foregoing test for M1, must be 
performed while the machine is standing 
still (to obtain e, due to mutual induction 
only) the shunt field time constant may 
also be determined with the armature 
rotating. In this case, the time constant 
of @, is the time constant of the shunt 
field. This method has the advantage 
that, if there are time delays due to 
hysteresis and eddy current effects, they 
are included as increases in the control 
field time constant. 

To find the armature circuit param- 
eters, it is best to ascertain the time 


t, 
TIME 


Figure 3(B). Oscillogram resulting from 
closing the switch in Figure 3(A) 
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Transient method of measuring 
the series field self-inductance and mutual in- 
—  ductance to the armature 


Figure 4(A). 


constants of the armature and series field 
separately, The series field resistance 
and time constant may be found in a man- 
ner analogous to that for the shunt field; 
igure 4(A) shows the cireuit employed, 
‘rom this cireuit it is possible to obtain 
the self-induetance of the series field, L,, 
and the coupling between the series field 
and the armature circuit, M,,. In the 
usual d-e machine with the brushes set on 
the neutral, M/,, is very small with re 
speet to M),, 80 that My, approaches Mj,, 
the total shunt field to armature cireuit 
mutual inductance, As before, an al- 
ternative test is to measure the rise of é, 
as the machine rotates, thus including the 
delay due to hysteresis and eddy cur 
rents 

I! the armature proper does not tink 
the series or shunt fields, often the case 
when the brushes are on the neutral, a 
teal may be made solely for the armature 
resistance and self-induetanee, Even 
though the rotation of the armature may 
intvoduce some extraneous results, it is 
considered better to have it rotating 
slowly, say at ten per cent speed, while 
the resistance and self-inductance are 
being found by oscillograms, The slow 
rotation tends to reflect the proper com 
inutation effeets without introducing 
large ripple and residual voltages, Figure 
5(A) shows the circuit diagram employed 
for this test, If the armature does link 
mutually the series or shunt field, this test 
should be performed at standstill, that is, 
with w=0 in Mgure 5(A), The oscillo 
gram of Migure 5(B) will permit the ob- 
taining of Mig, Liq, and M,,, According to 
the development in Appendix I, the arma 
ture cireuit inductance and mutual in- 
ductance to the shunt field when the 
armature and series field are cumula 
tively connected in the circuit are respec 
lively: 


Ty=Ly | La 
Ma= Mis 7 Mia 


"2M sa 


As Snively and Robinson’ point out, 
and the author concurs, the transient 
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Figure 4(B). Oscillogram resulting from clos- 
ing the switch in Figure 4(A) 


method of testing is not as convenient as 
the a-c method since a low impedance 
source of direct current is required as well 
as the difficulty of interpretating the 
oscillograms—always somewhat tedious. 
In addition, it is much more difficult to 
associate the inductances found by this 
test with the degree of saturation present 
in the machine, 


A-C Methods 


Briefly, the a-c method involves the use 
of alternating current of either low or 
power frequencies in place of the direct 
current employed by Bower, measuring 
the input conditions, and applying trans- 
former theory to obtain the desired con- 
stants. Consider first the obtaining of 
self-inductances, ZL, and Z,, and the 
mutuals, M,,; and Mya, of Figure 1. If 
the observer wishes to obtain values of in- 
ductance as a function of the degree of 
saturation within the machine, the cir- 
cuit of Figure 6(A) may be employed. 
On the other hand, the circuit of Figure 
6(B) may be used if an error of 25 per 
cent in inductance values can be toler- 
ated, 

The basic difference between the two 
experimental circuits is that the former 
permits the superposition of a direct cur- 
rent upon the alternating current em- 
ployed for inductance measurement pur- 
poses, while the latter finds the induct- 
ances of an essentially unsaturated ma- 


W = IW, oR W = 0 


Figure 5(A). Transient method of measuring 
the armature self-inductance and mutual induc- 
tance to the shunt field 


. 


chine. In Figure 6(A), the reactor)’ X,, 
serves to block the flow of alternating 
current through the battery, which 
usually has a much lower impedance than 
the field under test. If X, can be made 
sufficiently large, then the a-c component 
of current flowing to the left into the 
battery circuit will be negligible with 
respect to the alternating current that 
flows into the machine under test. HX, | 
is very small with respect to R, then the 
circuit of Figure 6(A) may be replaced by 
that of Figure 6(B). Assuming that 
these conditions can be met or that the 
unsaturated values of inductance are 
sufficiently accurate, observations of the 
quantities V,, Vr, Vi, Vs, Va, and J; are 
made. 

From these quantities the vector dia- 
gram may be constructed graphically 
as in Figure 7 utilizing the equivalent 
circuit of Figure 6(C). In Figure 7(A) 
the magnitudes of V,, Vr, and V, are 
laid off to scale; this fixes the position of 
the current vector, with respect to the 
others. In Figure 7(B) the voltages aH, 
(a= N,/N,), and I,R; are laid off on the 
original diagram, the vertical projection 
of I,R; on the radius line |a#,| represents 
the magnitude of the /:X;, drop. Since no 
current flows in the series field circuit, all 
the current J, flows in the parallel branch 
consisting of X,; and R,. Only the cur- 
rent flowing through X,, is of interest; 
this current can be found by separating 
the current J; into its components as in 
Figure 7(C). The values of Li, Mys, and 
Mya can be ascertained as shown in the 
inserts of Figure 7. 

The series resistor is used to assist in 
the construction of the vector diagram of 
the circuit by providing a known phase 
relationship between one voltage drop and 
the current; it is not required if some 
other means may be employed for de- 
termining the phase angle between the 
current and voltage. Vacuum tube volt- 
meters or other types of infinite input 
impedance devices generally are re- 
quired since the power levels are low. 
When the power levels are low, the watt- 
meter becomes unreliable; hence, the cir- 
cuit of Figure 6(A) is recommended. Care 
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Figure 5(B). Oscillogram resulting from clos- 
ing the switch in Figure 5(A) 
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Figure 6(A). 


Figure 6(B). 


Circuit arrangement for measuring the machine parameters by a-c tests when 
provision is made to include the effects of superimposed d-c fields 
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Circuit arrangement for measuring the same quantities as in Figure 6(A) when no 


direct current is to be superimposed or when the battery circuit a-c impedance is high compared 
to the d-c machine 


Figure 6(C). 


must be exercised to see that reasonably 
good sine waves are present at all times; 
this is not’ difficult in most machines 
since the air-gap is large. 

For the series field, the same test 
yields L,, Mis, and M,,. For the arma- 
ture circuit, the same test made with the 
machine rotating slowly is considered 
better than a stationary test since the 
effects of commutation are included in 
the measurements and yet the ripple and 
residual voltages are not so large as to in- 
fluence the results. Because the mutual 
inductance effects are small in this case, 
the self-inductance is composed almost 
entirely of leakage inductance. For that 
reason the armature self-inductance does 
not seem to vary greatly with armature 
current nor with field current. 
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Equivalent circuit of the d-c machine while undergoing a-c tests 


The results of the test of a 25-horse- 
power 230-volt variable-speed compound 
motor with interpoles but no compensat- 
ing winding are shown in Figure 8. The 
data for the sample test run are shown as 
circles and indicate the relative experi- 
mental error encountered. 

Experience with the machines men- 
tioned herein, which are admittedly 
small, seems to indicate that it is not cor- 
rect to assume that the impedance of the 
armature or any other circuit in the 
machine is predominantly inductive in 
nature. Very grievous errors can result 
by making this assumption. In the 
author’s opinion the presumption should 
be that the various circuits have-resistive 
components until proved otherwise. 

In working with normal armature 


L, = Ly, + aMis 


Figure 7. Evolution of vector diagram of the 

circuit of Figure 6(C) by triangulation methods. 

The dotted lines indicate the vectors found 
in the upper figure 


currents it is recommended that the 
brushes be left seated in their usual in- 
service fashion. If this is done, the brush 
resistance and the inductive effects of the 
short-circuited coils will be reflected in the 
over-all parameters of the machine; 
this is quite desirable in predicting over- 
all characteristics. 


Applications 


Extensive use of the equivalent circuit 
and the a-c method of parameter deter- 
mination has been made by the author 
and his associates, mainly in the realm of 
the dynamoelectric amplifier. The Am- 
plidyne probably represents as rigorous a 
test of these methods as any d-c machine 
since it is essentially two machines in one 
magnetic circuit, thus resulting in un- 
usual mutual and self-inductive effects. 
In the paper® on class-A operation of 
dynamoelectric amplifiers, there was very 
good correlation for an Amplidyne and a 
Rototrol between experimental and cal- 
culated frequency response curves for zere 
to 100 per cent negative feedback, even 
though the methods presented in this 
paper were not as well developed and cer- 
tain approximations were made. Figure 
9 is one set of such curves analytically 
and experimentally ascertained for a 
3/4-kw 250-volt Amplidyne; the equiva- 
lent circuit employed for the analytical 
computations is shown in the inset. It 
will be noted that there is fairly good 
correlation between the analytical and 
experimental curves. 
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Howard G. Wilson‘ recently determined 
the frequency of oscillation of Amplidynes 
using a capacitively-coupled positive- 
feedback circuit. He predicted the fre- 
quency within 7.4 per cent in the region 
from 5 to 23 cycles per second from a 
fifth-degree operational equation of the 
loop response employing parameters ob- 
tained from a-c measurements. 

W. P. Spehar (in a University of Cali- 
fornia thesis as yet unsubmitted) will show 
even better correlation between experi- 
mentaland test results for the positive- 
feedback nonoscillating dynamoelectric- 
amplifier frequency-response curves than 
was the case for the negative-feedback in- 
stance mentioned in a preceding para- 
graph. 

In operating over the region of Figure 
8 of variable inductance, it would be ex- 
pected that nonlinearities of response 
would result. Such is not the case in 
practice; for, even with large changes of 
field current, the response of the circuit 
usually turns out to be linear providing 
the speed-voltage constants, Kiz, Kse, 
and K, have not changed. In cases of 
this type it has been observed that the 
values of inductance chosen should be 
those associated with the maximum swing 
of current. For example, if, in Figure 8, 
it were desired to ascertain the correct 
circuit parameters for operation with a 
sine wave of shunt field current equal to 
0.8 per unit, the proper inductances would 
be: M,,g=3.8mh (millihenrys), M,=52 
mh, M,,;=0.05mh, Z;=38 henrys, L,= 
\l.lmh, When operating with d-c values 
of shunt or control field current, the 
values used in the equivalent circuit 
should be chosen for the particular value 
of current employed. 


MILLIHENRIES 


Conclusions 


As aresult of these investigations it is 
concluded that: 


1. The d-c machine may be represented by 
an equivalent circuit containing resistances, 
mutual and self-inductances, and speed- 
generated voltage constants. 


2. The resistances and speed-generated 
voltage constants of the equivalent circuit 
can best be ascertained by certain d-c 
tests. 


83. Either the transient or the a-c method is 
suitable for obtaining the mutual and self- 
inductances, but the a-c method is consid- 
ered less laborious and more convenient and 
more adequately incorporates saturation 
data. 


Nomenclature 

Kq=armature self-induced speed-voltage 
constant, ohms/rpm 

{sq=series field to armature speed-voltage 

constant, ohms/rpm 

Kiq=shunt field to armature speed-voltage 
constant, ohms/rpm 

Lq=self-inductance of armature 
henrys 

Ls; =self-inductance of series field, henrys 

I, =self-inductance of shunt field, henrys 

L,=self-inductance of combined series field 
and armature circuit, henrys 

Msq=mutual inductance between series field 
and armature, henrys 

M,q=mutual inductance between 
field and armature, henrys 

M,;=mutual inductance between shunt and 
series fields, henrys 

M,,=mutual inductance between shunt and 
series fields and armature, henrys 

N,=shunt field turns 

Ns=series field turns 

Ra=resistance of armature circuit, ohms 

Rs=resistance of series field, ohms 

R,;=resistance of shunt field, ohms 

w=speed, rpm 


circuit, 


shunt 


Figure 8 (left). 
Inductance curves 
for a 25-horse- 
power 230-volt 
350-700 rpm 
variable - speed 
compound motor 
Experimentally 
determined 


Appendix |. Combination of 
Mutual Inductances for a 
Compound Machine 


When the mutual inductance between the 
armature and the series and shunt fields is 
appreciable, the following analysis applies 
which shows how the mutual inductances 
combine to give one over-all mutual induct- 
ance for the coupling between the field and 
armature circuits. Ignoring the speed in- 
duced voltages, or considering the machine 
at standstill, the circuit equations in terms 
of the over-all mutual inductances for a 
cumulatively compounded machine are as 
follows: 


: di di 
a=Rit+l at Me a 
dis diy 
O= Rote t+ L2 —+ M2 —+ V; 
eta aim 12 Frise L 


In terms of the individual mutual and self- 
inductances: 


di; diz diz 
= Rwt+Li —— Mi —+Mis— 
a1 a+ tat la dt ala ue 
4 di di 
a=Ritl 7+ (Mis Mia) = 
: di. di: 
Om Reg le Fle A —2Msaq ran 
di, di, 
Mya —+M,s —+ V, 
1a 18 Fie L 
6 dix 
O= Rote (Ls +La—2Ms5a) ae 
(Mis — Mya) S ait Va 
Hence: 
Lz:=Ls+La—2Msa 
Mi2= Ms — Mya 


points are shown 

by the circles, 

squares, and tri- 
angles 
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Figure 9 (right). 
Frequency —_re- 0 “Ol 0.2 
sponse curves for 
a 3/4-kw 250- 
volt amplidyne as 
determined by 
using the equiva- 
lent circuit shown 
in the inset 
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“FREQUENCY = cveues / sec. 


Curves A, B, and C are fora 8 of 10, 20, and 100 per cent nege- 
tive feedback respectively. Curve D is for zero feedback. The 
solid curves are test values; the calculated points are indicated by 
the circles, triangles, and so forth. 


In this figure Nj=wKj, and 
Nog = wKo3 
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Discussion 


John O’Connor and John Cybulski (Naval 


Research Laboratory, Washington, D. C.): 


The author is commended for his investiga- 


tion-and <simplification of measurements of 


parameters in an inductively coupled mesh 
network. We feel, however, that some un- 
watranted simplifications have been made 
which may result in considerable error in the 
determination of the quantities R, and Kg. 

The author determines the “constants” 
R, and Kg from the simultaneous solutions 
of the following equations: 


E 

ese at Kawi (1) 
Tay 

E, 

—2 =RatKawn (2) 
La2 


He has formulated these equations on the 
assumption that the short circuit current 
characteristics (J,) are straight lines, which 
will result in giving a constant value for Rg 
at all speeds. It was stated that R, repre- 
sents the resistance of the armature conduc- 
tors, brushes and interpole windings. It is 
well known, however, that the combined 
resistance of carbon brushes and brush con- 
tact is not independent of current. The 
effect of this variable resistance character- 
istic may be observed in Figure 1 of this 


EFFECTIVE ARMATURE CIRCUIT RESISTANCE -OHMS 


discussion, where effective armature circuit 
resistarice (Eg—V;)/Iq is plotted as a func- 
tion of Ig for several speeds. (V; in this 
expression is the voltage measured across 
the external short-circuiting resistance.) It 
may also be observed in Figure 1 that the 
effective armature circuit resistance is more 
a function of armature current than of 
speed. Data for Figure 1 of this discussion 
was obtained from Figure 2 where the open 
and short-circuit characteristics are given 
for a 90-horsepower motor which was used 
to obtain the experimental data. 

From the open and short-circuit curves of 
Figure 2 values of Rg and Kg, were obtained 
using the author’s methods. The results 
are tabulated in Table I and indicate con- 
siderable variation of these quantities de- 
pending on the speeds used in their deter- 
mination. It may be noticed that the value 
of field current selected also introduces 
variations. In the short circuit tests the 
armature was in series with a small external 
resistance. The author’s equations were 
therefore modified so as to exclude this re- 
sistance in determining R, by using Eg—V; 
instead of Ey. Vz is, as previously indi- 
cated, the voltage measured across the 
external short circuiting resistance. 

If it is desired to obtain the variation of 
armature circuit resistance as a function of 
speed, only, it is suggested that the field and 
short circuit armature currents be kept fixed 
throughout the speed range investigated. 
The adjustment in short-circuit current at 
each speed would be made with a variable 
load resistance across the armature termi- 
nals and the magnitude of this external re- 
sistance can be found, at each speed, by 
reading the terminal voltage. 

We join with the author and agree that 
a-c measurement methods outweigh the d-c 
transient methods as regards ease of meas- 
urement, interpretation and time involved. 
The value of inductance obtained is, de- 
pendent on whether: 

1. Alternating current employed produces 
minor hysteresis loops superimposed on 
direct current. 

2. Alternating current alone is employed 
with no direct current for saturation. 

8. Direct current alone is used. 

We have used circuits similar to those 
proposed by the author and found that in 
a-c measurements direct current should be 
used to simulate the degree of saturation. 


Robert M. Saunders: The author is in- 
debted to Messrs. O’Connor and Cybulski 
for amplifying some of the problems associ- 
ated with the application of techniques de- 
veloped in this paper, and appreciates their 
contribution to the paper. 

Concerning the nonlinearity of the arma- 
ture circuit resistance introduced by the 
brushes, they are quite correct in their state- 
ment that this effect will tend to make the 
armature circuit resistance a function of the 
armature current as shown in Figure 1 of 
their discussion. However, this paper is 
primarily concerned with the servo motor 
and generator where the load resistance 
normally will be large compared with the 
armature circuit resistance so that a non- 
linearity of the latter will have a small effect 
on the total circuit resistance. For the 
machine they use as an example,. the arma- 
ture resistance would be nearly 4 per cent of 
the load resistance at full load making the 
per-unit resistance of the circuit about 1.04 
As the current is increased or decreased, 
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Figure 2. Open circuit and short-circuit 
characteristics of a d-c machine operated at 
several speeds 
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they show the armature circuit resistance to 
increase by a factor of two, thus making the 
total resistance increase to 1.08, a 4 per cent 
change. On the other hand, if the external 
circuit resistance becomes small compared 
to the armature circuit resistance, the non- 
linearity they mention certainly will become 
significant, and the armature circuit re- 
sistance can no longer be considered to re- 
main constant. 

Referring to their Figure 2, the decreasing 
slope of the short-circuit armature current 
(curves 5-8) is due mainly to the saturation 
of the pole tips by the armature flux. This 
results in a net demagnetizing effect in the 
direct axis, this effect increasing the appar- 
ent resistance. The use of the short-circuit 
eurves must not be extended into this range 
since the whole paper is predicated upon the 
assumption that no such saturation of the 
pole tips exists. At the lower ends of all the 
curves of Figure 2 there are apt to be non- 
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linearities due to the residual effects. The 
problem, then, is to find a region outside the 
residual effect zone and short of the pole tip 
saturation zone. If, in Figure 2, a straight 
line is drawn along the curves and through 
the origin and if these lines are used for 
ascertaining K, and Rg, there will result 
average values of Kg =+3.44107-* ohms/ 
rpm and R,z=0.0422 ohm, respectively. In 
this example the maximum deviation of the 
armature resistance is +10 per cent and the 
self-induced speed voltage constant +300 
per cent. Returning now to the case of the 
previous paragraph, for an armature circuit 
resistance deviation of +10 per cent, the 
total resistance will now have only a 1 per 
cent deviation under full load conditions. 
The total armature circuit resistance is 
Rat Kqw. For this example, at 1,200 rpm 
the contribution of the latter term to the 
total circuit resistance is thus seen to be 
approximately 10 per cent. This is a some- 
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what larger component than the author has 
encountered in standard d-c machines with 
interpoles, for, with proper brush setting on 
the mechanical neutral, there should be no 
component of the armature magnetomotive 
force in the direct axis. In amplidynes, 
however, Kgw is often equal to R,, but, in 
such cases Kg has a deviation from the mean 
of similar magnitude to Ry rather than the 
magnitude of the example used here. 
Finally, the justification for the assump- 
tions used in the paper must rest upon the 
results obtained when these assumptions are 
employed. The author feels that the appli- 
cation section of the paper presents an ade- 
quate verification of the methods contained: 
herein when applied to servo equipment. 
The author is gratified to learn that 
Messrs. O’Connor and Cybulski agree that 
the a-c methods have proved to be the easi- 
est to apply and that they concur in the 
manner of simulating degree of saturation, 
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ROG-LEG armature windings com- 

prise a class important in the field of 
large d-c motors and generators. They 
were first installed in 1925 and were de- 
scribed in that year by W. H. Powell and 
G. M. Albrecht. By 1940 the total rat- 
ings had passed 750,000 kw. Because of 
the importance of these windings, it is 
suitable that electrical engineers should 
study their principles of operation and the 
rules for designing them, with reasons for 
the rules. 

Frog-leg machines have two complete 
windings on the armature, one lap and 
one wave. A coil of each is shown in 
Figure 4. The shape gives rise to the 
name frog-leg. In every slot there are 
two lap coil sides and two wave coil sides. 
Every commutator bar has four connec- 
tions, two to the lap winding and two to 
the wave winding. This is somewhat 
similar to putting two windings on an in- 
duction motor to give two different 
speeds, except that the lap and wave 
windings are designed for the same volt- 
age and operate together in parallel. 

A simplex lap winding connects to all 
the commutator bars in order, 1, 2, 3,.... 
A duplex lap winding connects together 
all the odd-numbered bars, 1, 3, 5,.... 
and then all the even-numbered bars. 
This makes two windings in parallel, so 
that changing from simplex lap to duplex 
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lap doubles the number of parallel paths 
through the armature from the plus ter- 
minal to the minus terminal of the ma- 
chine. A triplex winding connects bars 3, 
6, 9,..... Wave windings also may be 
duplex, triplex, or multiplex to 10, 12, or 
even higher degrees. Multiplex wave 
windings are used in all frog-lez wound 
armatures. 

Very few practical machines, not of the 
frog-leg type, use multiplex windings. 
One special case is that of an 8-pole, 
duplex wave winding with diametral 
cross connections. It is a 4-circuit wind- 
ing and so is intermediate between a 2- 
circuit wave winding and a simplex, 8- 
circuit, lap winding. It is quite practical 
but opportunities for using this special 
type seldom occur. The choice of one of 
the three types just mentioned depends 
principally on the width of commutator 
bar which each type requires. 

All practical lap windings must have 
armature cross connections, or else ex- 
cessive heating in the armature and 
sparking on the commutator will occur. 
It is usually considered too expensive and 
cumbersome to provide such a connection 
for every commutator bar. However, 
frog-leg windings are inherently cross- 
connected and do not need special copper 
connectors for this purpose. Their cross 
connection is for every commutator 
bar. 

The -cross connection inherent in a 
frog-leg winding is illustrated in Figure 1. 
The lap winding is made, as usual, so as 
to have points of equal potential such as 
a and b, which are exactly two poles apart 
in the winding. These can be, and in an 
ordinary lap winding should be, con- 
nected by a copper strap such as acb. 
However, in a frog-leg winding external 
connectors such as acb are not used since 
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one can go from a to } through the copper 
path aefghb, which has no net voltage 
along it and so is equivalent to an ordinary 
cross connection. The path goes first 
down and then up through slot 11 and 
also twice through slot 22, and so in- 
duced voltages cancel out. The lap and 
wave windings have the same number 
of paths and the same size of conductors. 
The current in the conductors and the 
voltage drop is the same. In traversing 
the path aefghb, one goes with the current 
for one-half the distance and against the 
current the other half, so that voltage 
drops cancel out exactly. There is a 
cross-connecting path as in Figure 1 en- 
tering every commutator bar, and this 
makes all the cross connections that a 
winding can have, thus giving a com- 
pletely internally cross-connected wind- 
ing. 

In order to have points of equal poten- 
tial two poles apart in the lap winding, the 
usual requirement for all one turn per 
coil lap windings is to be met, namely, 
that b/q must be an integer, where 0 is 
the number of commutator bars and 
q=p/2 is the number of pairs of poles. 

In a frog-leg winding the number of 
paths through the lap winding is pm, 
where m, is the degree of multiplicity of 
the lap winding, that is, #=1 for simplex 
lap, 2 for duplex, and so forth. The 
number of paths through the wave wind- 
ing, which is the same as the number 
through the lap winding, is 2m, that is, 2 
for simplex wave, 4 for duplex, and so 
forth, where mz is the multiplicity of the 
wave winding. Then, pm=2m:, and 
m= qm, (Rule 1). See the list of rules in 
Appendix I. 

The commutator pitch of the lap wind- 


A portion of a simplex lap, duplex 


Figure 1. 
wave, frog-leg winding, 42 slots, 4 poles. 
See Appendix Ill 
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Figure 2. Coils for the winding in Appendix 
Il. The position is that for the first line of the 
wave winding table 


ing is m, and that of the wave winding is 


b ate my 
se (Rule 2) 
q 


Using the minus sign, making a retro- 
gressive wave winding, saves a little in the 
length of the coil ends and in the over-all 
length of the armature, 

The matter of re-entrancy is now to be 
considered, Uf a duplex lap winding has 
an odd number of commutator bars, the 
first and last are of course adjacent and 
are both odd-numbered. 
to the odd bars, 


In connecting 
1, 8, 5..., one comes to 
the last bar and then to bar 2 and to all 
the even bars. The last even bar con 
nects to bar 1, and the winding is said to 
itself, 
re-entrant, 


re-enter This winding is singly 
If a duplex lap winding has 
an even number of commutator bars, 
after connecting to all the odd bars the 
winding re-enters itself at bar 1. Then a 
start is made at bar 2 and all the even 
bars are This part of the 


winding re-enters itself at bar 2. 


connected, 
This 
duplex winding is doubly re-entrant, 

In general, if the number of commu- 
tator bars and the commutator pitch are 
divisible by a common factor f, the 
winding is re-entrant at least f times, 

It was found many years ago that if the 
two parts of a duplex, doubly re-entrant 
winding are connected in parallel only by 
their contact with the brushes, they are 


not likely to divide the current load 
equally, Heating and sparking will take 
place, 


With frog-leg windings, if the lap and 
wave windings are both doubly re-en 
trant or both triply re-entrant, the parts 
are connected in parallel only at the 
brushes, To avoid overheating and bad 
commutation, either the lap or the wave 
winding should be singly re-entrant, 
Then all the paths which are in parallel 
will be thoroughly cross-connected, This 
gives rise to Rule 8, as follows: 

b 
== must not be an integer, when m1, is 
my, gm 

greater than 1, 


This rule was enunciated by Powel. 
and Albrecht.! 
If b were divisible by gam, then the lap 
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winding, whose commutator pitch is my 
would be re-entrant m, times, Let b= 
cgm, where ¢ is an integer. Then the 
wave commutator pitch is 


b=—m 
Lee 


q q g 


equ qyy 


which is divisible by mm. Thus b and the 
pitch would both be divisible by m, and 
the wave winding would be re-entrant at 
least m, times. Evidently, if both wind- 
ings are not to be reentrant m, times 
when m, is greater than 1, 6/my must not 
be an integer, 

Other rules deal with the number of 
slots, s. In any lap winding, whether 
frog-leg or not, s/q is to be an integer or 
there will be circulating currents in the 
For instance, in a 6-pole, lap- 
120 com- 
3, there 
all ex- 


winding, 
wound armature with 40 slots, 
mutator bars, bars per slot = b/s= 
are points on the winding that are 
actly 40 commutator bars apart, How- 
ever, if they are connected by cross con- 
nections, three portions of the winding 
are put in parallel, Two of these por- 
tions will each have 40 bars and 18 teeth 
but the third portion will have 40 bars 
and 14 teeth, The teeth have alternating 
magnetism and it can be seen that the 
dividing points in the winding are not 
actually There- 
fore, there will be alternating voltage be- 
tween the 


equipotential points, 
points and alternating cir 
culatory currents will flow, Similarly, a 


I-pole winding with 35 slots, 70 bars 


b/s=2, is not suitable for a lap winding, 
Thus, the ratio s/q should be an integer 
as well as b/g. See Rule 4 

From this it follows directly that, since 
q=p/2, the number of teeth per pole 
must be either an integer or an integer 
plus 1/2 

If the multiplicity of the lap winding, 
my, is an even number, it can be shown 
that the number of teeth per pole cannot 
be an integer but must be an integer plus 
1/2, If sp were an integer then s» would 
be even since p is always an even number. 
Let b/s=n, which, being the number of 
conductors across the top of the slot, is an 
integer, Therefore, b= ns would be even 
and 6/p would be an integer. 


The commutator pitch, or throw, of the , 


wave winding is 


_b=—mg 2b 


q 


hy 


If m, is even and b/p is an integer, then 
fe is even, With both 6 and fy even, the 
wave winding would be at least doubly 
reentrant, and with 6 and ym, even, the 
lap winding would be at least doubly re- 
entrant, There would be two parts of the 
complete armature connected in parallel 


Figure 3, Commutator potential distribution, 
Appendix Il 


re 


only at the brushes, which is impractical. 
Therefore, if m, is even, the number of 
teeth per pole must be an integer plus 
1/2. See Rule 5. 

If the number of slots per pole is an in- 
teger plus 1/2, the number of slots for a 
pair of poles, s/q, is an odd number. 
Then, for symmetrically shaped coils 
connected as in Figure 1, where a wave 
coil helps connect two points which are 
exactly two poles apart, the slot pitch of a 
wave coil is different from that of a lap 
coil since the two add together to make an 
odd number, It is seen that in Figure 1 
the slot pitch of the lap coil is 10 and that 
of the wave coil is 11. 

This means that a lap coil and a wave 
coil in such a case cannot lie together as 
completely as indicated in Figure 2, but 
they will have an appearance as indi-- 
vated in Figure 4 and the lap coils and 
wave coils will have slot pitches which 
differ by one slot. Such coils are used in 
some frog-leg windings in practice, as is 
indicated in a photograph in a book on 
windings by C. S, Siskind.’ This photo- 
graph was aseribed to the Allis-Chalmers 
Manufacturing Company, who are the 
manufacturers of large d-c machines with 
frog-leg windings, 

An alternative to the use of two dif- 
ferent slot pitches is theoretically avail- 
able, as shown in Appendix TV. With 
this arrangement, the lap and wave coils 
have the same slot pitch, but the shape of 
the coils is unsymmetrical, Some of the 
coil ends, that is, the parts of the coils that 
go at an angle from the slots to the com- 
mutator, are about twice as long as for 
symmetrical coils. This would add 
several inches to the over-all length of the 
armature, Therefore, the coils which are 
of syminetrical shape but which have un- 
equal slot pitches seem to be preferable 
and advisable where s/q¢ is an odd num- 
ber, 

Rule 5 is therefore written that if my, 
is even, s/q is to be an odd number and 
the slot pitches of lap and waye coils are 
to differ by one slot, 

Windings with two different slot 
pitches for the lap and wave coils may be 
used in other cases than where my is even, 
if for any reason the number of slots is 
such that 9/q is odd. 
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‘A final rule, Number 6, enunciated by 
Powell and Albrecht,! is that the number 
of bars per slot, n=b/s, is to be prime 
with regard to m. 

From Rule 3, b/(qm) is not to be an 
integer when m is greater than 1, and 
from Rule 4, s/g is to be an integer. Now 


OR 

qm gm, 

and since s/q is an integer, n/m is not to 
be an integer when m; is greater than 1. 
That is, 7 is to be prime to m. Note that 
an integer is prime to another when they 
have no common factor except unity. 

Accordingly, with a duplex lap winding 
in a frog-leg winding (m,=2), the number 
of bars per slot, n=b/s, may be 1, 3, 5, 
...and so forth and with a triplex lap 
winding, 7=b/s may be 1, 2, 4, 5,.... 

If a lap winding and a wave winding 
have the same number of paths in parallel 
and the same number of conductors per 
path, one at least of the windings being 
multiplex, and if they operate under the 
same poles, it is evident that they will de- 
velop the same average voltage between 
brushes. It has been shown in this paper 
that equipotential points should be suit- 
ably cross-connected through the winding 
and that rules should be followed so that 
the multiplex windings will not be re- 
entrant too many times. It is of interest, 
and it is a useful check, to tabulate the 
potential developed at each commutator 
bar by the lap winding and the wave 
winding, and see that they agree exactly 
for every bar, assuming equal pole 
strengths. This is done for three sample 
cases of frog-leg windings in Appendixes 
Il, II, and IV. The flux distribution 
was taken to be the same for all the 
poles. 

In order to make this part of the 
investigation as strict as possible, the flux 
was taken to be crowded toward one pole 
horn, as occurs under load conditions. 
The windings shown have not necessarily 
been used on,actual machines. 

It is the purpose of this paper to derive 


cae 
' 
20 


des 


9 10 20 


Figure 4. Coils for the winding in Appendix 
lll. The position is for the first line of the 
wave winding table 
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the rules by which various types of frog- 
leg windings may be designed. While 
improvements in operation can scarcely 
be discussed without describing compara- 
tive tests, mention may be made of some 
features which would ordinarily be ex- 
pected to give improved operation. 

The omission of copper cross con- 
nectors removes a location of possible 
breakdowns. Since most machines do not 
have a cross connector for every commu- 
tator bar, the provision of thorough cross 
connection for every bar, as given by 
frog-leg windings, would be expected to 
reduce heating and improve commutation 
compared with present usual conditions. 

In a paper published by W. V. Lyon, 
E. Wayne, and M. L. Henderson,? for- 
mulas were given for skin-effect loss in 
d-c armature coils and it was shown that 
this extra loss had a value that was a 
considerable percentage of the J?R com- 
puted for direct current. This extra loss, 
as in a-c machines, increases rapidly with 
the vertical dimension of each copper 
conductor. As with a-c machines, the 
conductors could be laminated, but for 
best results the laminations should be 
twisted or transposed as is done in large 
a-c generators and transformers. 


If the number of parallel paths in an a-c 
machine is multiplied by 2, the size of a 
conductor is decreased by one-half, and 
the heat from eddy-current loss is re- 
duced. 
heating, and an increase in efficiency, 
might be expected from the use of frog- 
leg windings, since they have twice as 
many paths as usual and one-half as large 
conductors. In addition to the paths in 
the lap winding, there is an equal number 
of paths in the wave winding. 


A similar reduction in armature 


It is known that if a d-c machine is 
redesigned so as to have more commu- 
tator bars, each of narrower width, an 
improvement in commutation is ex- 
pected and is usually obtained. Such a 
change could be made by changing from a 
wave to a lap winding. Improvement is 
usually ascribed to the fact that a smaller 
current is broken when a brush leaves a 
bar and that the voltage between ad- 
jacent bars is less. 


There are machines with simplex lap 
windings which ordinarily have com- 
mutator bars wider than 3/8 inch. Such 
ratings are those of several hundred kw or 
more at 250 volts, large 600-volt machines, 
and some plating generators. There 
is a theoretical possibility that such 
machines could be built with duplex or 
triplex lap windings and more commu- 
tator bars. This has not been done to 
any extent with ordinary windings. 
Possibly it might be successful with frog- 
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leg windings, which have fewer amperes 
per path than the corresponding standard 
windings. 

A machine of this type is shown in Ap- 
pendix II. “The smaller average voltage 
per bar might be expected to improve 
commutation and flashover conditions. 
However, this latter expectation might be 
diminished by the observation from 
Figure 3 that there are some pairs of ad- 
jacent bars with comparatively large 
voltage between them, perhaps the same 
as would have been obtained with a 
simplex lap winding. 


Appendix |. List of Rules for 
Frog-leg Windings 


Rule 1. m=qm 
Rule 2, Commutator pitch of the lap wind- 
ing =m, and commutator pitch of 
ree bm, 
the wave winding = ——— 
q 
ri b—my 
Hstialiy ———— 
q 
b a 8 ‘ 
Rule 3. —=—— is not to be an integer 
Mm, gm, 
when m,>1 
Rule 4. s/qand b/g are to be integers 
Rule 5. If m is even, s/q is to be odd and 
the slot pitches of the lap and wave 
coils are to differ by one slot 
Rule 6. 2=b6/s is to be prime to m 
where: 


p=number of poles 

q=p/2=number of pairs of poles 

s=number of slots 

b=number of commutator bars 

n=b/s=number of commutator bars per 
slot 

my =multiplicity of the lap winding 

m,.=multiplicity of the wave winding 


Appendix Il 


This machine has 42 slots, 42 bars and 6 
poles with frog-leg winding, triplex lap, and 
9-plex wave. The lap winding is triply re- 
entrant, and the wave winding is singly re- 
entrant. The configuration of the windings 
and voltages developed in this type of ma- 
chine are given in Tables I, II, and III. 
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Figure 5. Coils for the winding in Appendix 
IV. The position is for the first line of the 
wave winding table 
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Table | Table VI. Lap Winding Hy 
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28,..29,..380...381...82...838 $4... Since Bois wiedeae Osu dae BOs A Orrin Skene ae Poh 37 5 0 
Se = > ane =27 
1 38 6 —27 
panes —31 
Table Il. Wave Winding Table Ill. Lap Winding 2 39 7 —58 
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E nF pul sb, 2 Lime 5 42 10 —175 
—23 
42 2 9 0 42 40 47=5 0 6 1 11 —198 
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11 13 20 12 3 1 8 —18 7 2 12 —189 
—20 10 13 
22 24 31 -—8 6 4 11 -—8 8 3 13 —176 
—14 16 17 
33 85 42 —22 9 if 14 8 9 4 14 —159 
0 0 21 
2 4 11 —22 12 10 17 8 5 15 —138 
16 : =e - : 25 
13 15 22 —6 15 13 20 =—6 oy 6 16 113 
10 —20 29 
24 26 33 4 18 16 23 —26 40 7 17 —84 
—18 12 33 
35 37 44=2 —14 21 19 26 —14 1 5 
a * 13 8 8 E: 
4 6 13 —26 24 22 29 4 14 9 19 —14 
20 —10 41 
15 17 24 -6 27 25 32 -6 45 10 20 27 
14 —16 45 
26 28 35 A 8 30 28 35 ; —22 46 “il 21 72 
=a 
37 39 46 =4 Sa 2335 31 38 —22 17 12 29 68 
—16 14 f =f 
6 8 15 -8 36 34 41 =8 is 13 23 87 
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18 —12 —19 
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12 
—23 
39 41 48=6 12 
—~20 F a pa i 27 4 
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s e —_ 2 
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aouiieeeanteray a panel ae SIO OL Se ORO BERIT Take potential of Bar Number 1 from lap 


Take potential of Bar Number 1 from 
wave winding, since it is the singly re- 
entrant winding and the following data is 
obtained: 


1 41 6 —6 
—20 

4 2 9 —26 
12 

7 —14 


All potentials of lap winding agree with 
those of wave winding. A summary of this 
type of winding is shown in Table IV. 
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Appendix III 


This machine has 42 slots, 42 bars and 4 
poles with frog-leg winding, simplex lap, 
and duplex wave. The wave winding is 
doubly re-entrant. The configuration of 
the windings and the voltages developed in 


this type of machine are given in Tables V, 
VI, and VII. 


winding to obtain the following: 


1 5 16 —27 
27 

21 25 36 0 
23 

41 3 14 23 
19 : 

19 23 34 42 
15 

39 | 57 


All potentials of wave windings agree with 
those of lap winding. ' 


Table V : 
0.. 5.. 7.. 9..11..18.,15,.17,.19,.21..98,—=4, —6,.—8, -10.-12.—14.— 16. 1a 


mM eretie nh, fee 


Volts Developed 


Pbk ese torent it 9..10..11..12..13.. 14,. 15.. 16... 17. LSeeetOameeco ena 
--24..25..26..27..28..29..30..31..32..33..34.. 35. 


. 36.. 37.. 38... SO a0 Rees 
Slots 
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Table Vil. Wave Winding 


Table Vil 


Pot. 

Bar +Slot — Slot Diff., Pot., 

No. No. No. Volts Volts 

42 4 15 0 
23 

20 24 35 23 
19 

40 2 13 42 
a 15 

18 \ 22 33 57 
11 

38 42 11 68 
4 

16 20 31 72 
—45 

36 40 9 27 
—41 

14 18 29 —14 
—37 

34 38 7 —651 
—33 

12 16 27 — 84 
—29 

32 36 5 —113 
—25 

10 14 25 —138 
—21 

30 34 3 —159 
—17 

8 12 23 —176 
-—13 

28 32 1 —189 
—9 

6 10 21 —198 
23 

26 30 41 —175 
43 

4 8 19 —132 
39 

24 28 39 —93 
35 

2 6 17 —58 
31 

22 26 37 —27 
Hh 

42 (Re-enters) 0 


Appendix IV 


This machine has 42 slots, 42 bars, and 4 
poles with frog-leg winding, simplex lap, and 
duplex wave. The wave winding is doubly 
re-entrant. Configuration of the windings 
and voltages developed in this type of ma- 
chine are shown in Tables VIII, IX, and X. 
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Volts Developed 
20. .21 


21. .22..23..24..25..26..27..28..29..30..31..32..33..34.. 35.. 36.. 37.. 38.. 30.. 40.. 41.42 


Slots 


Table IX. Lap Winding 


Table X. Wave Winding 


Pot. Pot. 
Bar +Slot — Slot Diff., Pot., Bar + Slot —Slot Diff., Pot., 
No. No. No. Volts Volts No. No. No. Volts Volts 
42 32 42 0 42 11 21 0 
A —4 
41 31 41 —4 20 31 41 —4 
45 45 
40 30 40 41 40 9 19 41 
41 41 
39 29 39 82 18 29 39 82 
37 37 
38 28 38 119 38 iG 17 119 
33 33 
37 152 16 152 
All potentials of wave winding agree with those of 
lap winding. 
Table XI 
mi p m2 b s b/s s/p te b/(qmi) 
Wiis Athans. t8 SH ie Oy ae a DATS se yt ee Ge ere tite LENE 12 
ieee DEE San yO ie Ee AD ede Bee 1 eee LOVartie a DOiehiysts OF re. tenth (Appendix III) 
panei tig So othe Benue ZOE nde G8). nKs as hens ee 81/2...... Cee 251/2 
De east ie see Garr vcred ny I Biiaectra: Sparco Ce pete BBs er: 28'/2 
sateen ar Goran Drees Ai dee a ene tities ays Sees RR cy Me deca di Of oie 3 (Appendix II) 
CF eee A Biaeeen LGi.cerratere A2OE Poa 1408. SEs Bins Rose YC See ae LOBE YS. 261/4 
Because of the long connections to the References 


commutator, the arrangement shown in 
Tables IX and X is not recommended. 


Appendix V 


Examples of frog-leg windings are given in 
Table XI, although they have not necessarily 
been used in actual machines. 


1. FroG-LeEG Wrinpincs, W. H. Powell, G. M. 
Albrecht. Iron and Steel Engineer (Pittsburgh, 
Pa.), September and November, 1925. 


2. Heat Losses in D-C ARMATURE CONDUCTORS, 
W. V. Lyon, E. Wayne, M. L. Henderson. AIEE 
Transactions, volume 47, April 1928, pages 589-98. 


3. Drrect-CurRENT ARMATURE WINDINGS (book), 
C. S. Siskind. McGraw-Hill Book Company, 
New York, N. Y., chapters 16 and 17, 1949, page 
118. 


Discussion 


\( 

G. W. Arnold (Canadian Westinghouse 
Company, Ltd., Hamilton, Ont.): The 
necessity of cross connecting every commu- 
tator bar is in some measure dependent on 
the mechanical stability of the commutator. 
By rigid quality control of commutator 
mica and building processes we feel that we 
have for many years produced commutators 
which are performing successfully without 
cross connections on every bar or even on 
every slot. It is common practice to cross 
connect bars 1-5-9....where there are two 
bars per slot, or 1-7-13....where there are 
three bars per slot. 

Regarding circumferential face width of 
commutator bars, we have a 4,000-ampere 
250-volt synchronous booster converter 
which did not perform successfully with 
bars having a pitch of 0.856 inch, but when 
the bar was split, and the commutator was 


1951, VoLUME 70 


built with mica between the split bars, the 
machine commutated successfully. As the 
commutator riser consists of two straps it 
was a simple matter to connect one strap 
into each commutator bar. 

We have been using laminated armature 
conductors in large d-c machines for several 
years. Generally the conductor is divided 
into 3 or 4laminations in depth. Ina typi- 
cal generator rated 1,000 kw, 600 volts, 750 
rpm, haying 6 poles, the calculated eddy 
loss in the armature conductors, with four 
laminations in depth per coil, is 0.80 watt 
per square inch of armature surface, and 
1.88 watts with one deep conductor of 
equivalent cross section. This loss of course 
varies with the frequency and laminated 
armature conductors need not be considered 
in slow speed exciters. 


E. R. Martin (University of Michigan, Ann 
Arbor, Mich.): The paper makes no men- 
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tion of thickness of brushes. In the ordi- 
nary simplex winding, the brushes usually 
cover about as many bars as there are bars 
per slot. The lap winding requires as many 
brush sets as there are poles. If multiplex 
windings are employed, presumably the 
brushes should be wider, at any rate, they 
must be wide enough to feed all parallel 
paths simultaneously. In Appendix II, a 
9-plex winding is used with a 6-pole 42-bar 
winding, and the minimum brush width 
possible, to allow commutation time equal 
to the time taken for a bar to move its 
width, would be three bars. With brushes 
three bars wide, each of the brush sets of 
one polarity would feed six paths of the 
wave winding in rotation, all brushes feeding 
different paths when only touching three 
bars. At the latter instant, no coils would 
be under commutation, and there would be 
12 paths through two coils in series and six 
paths through three coils in series for a 
total of 42 coils. When the commutator 
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moves 1/2 bar, there are 18 paths with two 
coils in series in each path and the other six 
coils are short-circuited through the brush 
connections, 

While the author’s example has no doubt 
purposely used only a few bars for sim- 
plicity, and voltage per path calculations 
would not mean too much, they do show an 
unbalance in the ratio of 2-to-3 between the 
several paths. If this were so to a less de- 
gree in a winding of several times as many 
bars, and there is a strong probability that 
it would be in an eighteen path wave wind- 
ing, the unequal voltages would cause circu- 
lating current at no-load with uniform con- 
ditions under all poles, as well as under load 
with shifted pole flux. 

Commutation occurs in the wave winding 
by transferring a coil from one path under a 
brush to another path under an adjacent 
brush of the same polarity, see Figure 1 of 
this discussion. No coils are short circuited 
under any brush; while in the lap winding, 
the bar entering is connected to the bar 
leaving contact with each brush. Although 
the brushes cover three bars, the commutat- 
ing zone is only one bar or one tooth pitch 
wide and commutation looks feasible. 

This is a very unorthodox winding and 
should not be used without very careful 
checking on the volts per path. While 
frog-leg windings have been used success- 
fully, it appears doubtful that they could 
have as many paths as 36 in a 6-pole 
machine, 


712 


Figure 1 (left) 


Figure 2 (right) 


Figure 1 of the paper shows the equalizing 
at the wrong end. The equalizing is done 
at the commutator end and should be shown 
as in Figure 2 of this discussion. 

It is not necessary to use large conductors 
in large lap wound armatures. In fact it is 
common practice to use parallel conductors, 
when the copper section requires too deep a 
conductor, 

There is a growing tendency to install the 
regular equalizer connections just back of 
the commutator. While they are very in- 
accessible, they can be installed and pro- 
tected much better, and so are not vulner- 
able to failure. Designing engineers have 
usually preferred the standard equalized 
lap winding because of its simplicity, its 
better slot space factor, and better adapt- 
ability to different numbers of slots. 


H. B. Dwight and R. G, Haltmaier: Cases 
are not common in which commutator bars 
are so wide that a d-c machine can be re- 
designed so as to use twice as many bars, 
and the description of a large machine of 
this type, given by G. W. Arnold, is very in- 
teresting. 

The example he gives of the advantage of 
laminating a d-c armature winding is also 
interesting. 

In the discussion by E. R. Martin it is 
stated that there are some paths with two 
coils in series and some with three, in 
Appendix II, and “voltage per path caleu- 
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= Bars to be equalized —— 
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lations. . .show an unbalance in the ratio of 
2 to 3,” It is the number of conductors in 
series which he seems to have found in un- 
balance and it does not appear that he has 
made any calculation of voltage per path. 
The developed voltage per path does not de- 
pend very directly on the number of conduc- 
tors per path since there are conductors near 
the ends of a path which lie in the interpolar 
region and develop little or no voltage. 

With a simplex lap winding, conditions 
are repeated exactly from pole to pole, when 
the pole strengths are equal. <A path goes 
from a positive brush to a negative brush 
and there should be no complaint about in- 
equality of voltage per path in a simplex lap 
winding. But the voltage developed be- 
tween any two commutator bars is exactly 
the same, with equal pole strengths, for the 
multiplex wave winding of a frog-leg winding 
as for the lap winding, as has been shown in 
the paper, for windings with fewer bars and 
more irregularities in proportion than would 
be probable in practice. 

The voltage per path is shown approxi- 
mately in Figure 8 and is the difference in 
potential between the highest and lowest 
points in that figure. There are small irregu- 
larities with a multiplex lap winding, as 
mentioned in the paper, and the question 
whether duplex lap windings are advanta- 
geous in the few but important cases where 
the commutator bars would otherwise be 
unusually wide should be decided by prac- 
tical trial. 
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Fault Transients in Aircraft D-C Systems 


DONALD G. SCORGIE 


ASSOCIATE AIEE 


ROBLEMS such as system protec- 

tion and circuit breaker design have 
made it desirable to understand more 
fully the transient behavior of d-c gen- 
erator-regulator systems upon applica- 
tion or removal of a fault. Work along 
these lines has been accomplished,!~ 
but it has been recognized? that the re- 
sults are in some instances not satisfac- 
tory. Particularly in dealing with air- 
craft problems one finds that these ref- 
erences will not provide solutions. T. 
M. Linville and H. C. Ward, Jr.,! for in- 
stance, have assumed that after a fault 
the shunt field flux linkages remain con- 
stant for a range of time up to the peak 
surge load current. This presupposes a 
larger time constant for the field circuit 
than appears justifiable with aircraft 
generators. Another element peculiar to 
aircraft systems is the quick-acting volt- 
age regulator, which of course has not 
been considered in transient analyses of 
large generators. 

In the analysis presented here simul- 
taneous linear differential equations that 
describe the fault transients are set up 
and solved. Linearizing assumptions 
enormously simplify the mathematics 
permitting us to obtain equation 8, which 
is an expression in closed form for the en- 
tire fault current transient. By means of 
equation 8 fault currents have been pre- 
dicted accurately without assuming con- 
stancy of field flux linkages. In effect, a 
less restrictive assumption has been sub- 


Paper 51-120, recommended by the AIEE Air 
Transportation and Rotating Machinery Com- 
mittees and approved by the AIEE Technical 
Program Committee for presentation at the AIEE 
Winter General Meeting, New York, N. Y., 
January 22-26, 1951. Manuscript submitted 
October 24, 1950; made available for printing 
December 21, 1950. 


Donavp G. Scorcie is with the Naval Research 
Laboratory, Washington, D. C. 


The author wishes to express his appreciation to 
D. H. ScuHarrer, who made the measurements con- 
tained in this paper, and whose criticisms have been 
most valuable. 
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stituted, namely, that the slope of the 
flux versus magnetizing force curve for 
the field pole remains constant. The 
peak fault current is expressed in equation 
10 as the ratio of the driving voltage to a 
quantity R, which is expressed in terms 
of the system parameters. 

Calculations using equation 8 show the 
extreme importance of evaluating the 
slopes of the generator saturation curve 
and the external characteristic at the 
initial operating point prior to the fault in 
order to obtain good predictions of the 
fault transient. This represents a de- 
parture from many previous analyses, 
where the saturation curve has been ap- 
proximated by a straight line through the 
origin and the point of rated voltage. 

The solutions obtained have been 
calculated nearly to the steady state; 
however there is little hope of predicting 
steady-state values accurately. This is 
due both to the fact that the linearity 
assumptions become worse with time, and 
because the steady-state external charac- 
teristic of the machine exhibits poor re- 
producibility. 

The analysis in this paper should be 
applicable to large generators. How- 
ever, it must be remembered that in ob- 
taining empirical verification of the theory 
certain experimental difficulties are not 
present with small low-voltage machines. 
There was, for instance, no evidence of 
flashing over on the commutator during 
the faults. Also, for initiating experi- 
mental faults a knife switch was used, 
thereby eliminating contactor bounce. 

Fault currents of both separately ex- 
cited and self-excited generators are con- 
sidered in this paper, and a method is 
given for predicting the effect of a carbon- 
pile voltage regulator. The resistance 
value of a fault affects the resulting 
transient, and this is taken into account 
by introducing fault resistance in the 
boundary conditions and as a parameter 
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of the circuit. Variations of transient 
load current with speed and initial load 
are automatically taken into account, 
since the parameters introduced in this 
paper are those measured at the condi- 
tion existing prior to the application of 
the fault. 

Through experimental observations H. 
J. Finison and R. H. Kaufman’ have ar- 
rived at a definition of transient resist- 
ance in terms of incremental changes from 
the initial conditions. For zero fault re- 
sistance identical values are obtained us- 
ing their definition and the definition de- 
rived analytically in the following para- 
graphs, but a difference exists which be- 
comes greater with higher fault resist- 
ance. 

The factors affecting the voltage 
transient upon removal of a fault will be 
discussed briefly toward the end of this 


paper. 


Basic Equation for the 
Armature Circuit 


The analysis which follows gives in 
closed form the load current as a function 
of time where a fault resistance R, is 
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Figure 1. Equivalent circuit for armature 
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suddenly applied to the system. Results 
which have been obtained indicate that 
for this purpose two simultaneous linear 
differential equations can be written 
which describe the current surge satis- 
factorily for a simple shunt generator. 
We shall assume that our fault is ini- 
tiated by closing a switch across a portion 
of the existing load at =0, leaving some 
remaining fault resistance R,, as shown 
in Figure 1(A). The armature circuit is 
then assumed to consist of a resistance 
(R,+R,); and inductance L,, and two 
equivalent perfect generators all con- 
nected in series, as in Figure 1(B). R, 
and L, are the resistance and the incre- 
mental self-inductance, respectively, of 
the armature plus any compensating and 
commutating windings. The first of the 
equivalent generators is the driving in- 
put, which is a voltage step introduced at 
t=0 and equal to the voltage across the 
switch before closing. Since the circuit is 
not passive, a second equivalent generator 
must be inserted, the voltage of which is 
equal to the change of the machine’s gen- 
erated voltage as a function of the change 
of armature and field currents. The 
change from the initial generated voltage 
will be represented by e,=¢,(i,i,), where 
%q is the incremental change from the 
initial value of load current and i, is an 
incremental change from the initial value 
of field current. The generated voltage 
€, can be expanded in a Taylor’s Series for 
a function of two variables, and if the 
partial derivatives of e, with respect to i, 
and 7, are constants, the expansion re- 
duces simply to 


9 =Datat Ksiz* (1) 
where 

3 de 
Do=—2 and K.=—! 

Ola a 


* Throughout this paper lower case? and e will be 
used to indicate increments from the initial cur- 
rents and voltages, 
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Shunt generator faults. No regulator, generator self-excited, full initial load 


The constant D, represents the demag- 
netization caused by armature reaction 
and cross ampere turns, and usually will 
be a negative number. K, is the slope of 
the saturation curve at the initial operat- 
ing point and will be a positive constant. 

Let 2 and (J,)o be the terminal voltage 
of the machine and its load current, re- 
spectively, prior to the application of a 
fault. By definition we let 


Ey’ =Hy)— (Ta)oRr 


so Ho’ represents the step voltage intro- 
duced at /=0. The basic equation of the 
armature circuit during the transient is 
therefore 


a 


: 
Ey’ +ep(t) = (Ra tRz)ia(t) +Lo (2) 


which, using equation 1, 
written 


may be re- 


: Li 
Ey! = (RatRr —Da)ia(t) ste Lis : — Kyis(t) 
at 


(2’) 
Basic Equation for the Field Circuit 


Equation 2’, which pertains to the 
armature circuit, holds whether or not a 


voltage regulator is included in the $ys- 
tem, and for both separately and self- 
excited generators. Each of these four 
cases must be considered individually, 
however, when writing the field circuit 
equation. In each case the symbol M is 
used to indicate an inductive coupling 
between armature circuit and the field 
winding. M is defined simply as Ny; 
Op,/Oig, where py is the flux linking the 
shunt field windings. M is not considered 
as a muttal coupling coefficient in the 
usual sense. Ordinarily M will be a nega- 
tive number. The comparable term may 
be left out of equation 2’ without ap- 
preciably affecting the solution, but this 
coupling must be included in the field 
equation. 

The four field circuit equations are ob- 
tained as follows: 


Case 1, 
tion 


No voltage regulator, self-excita- 


Let the incremental self-inductance of 
the shunt field be Ly, and the field circuit 
resistance be Ry, The change of terminal 
voltage after the fault is applied is given 
by —o/+R,i,(t), and the transient field 
circuit equation is 


a ae 
Ryjiag(t) — Ey’ = Ly at Met Rrin(t) (3) 


Case 2. No voltage regulator, separate 
excitation 


The transient field circuit equation is 
given by 


dir dig E 
O=Lr—+M—+Ryiz(t 4 
fa tM + Reig) (4) 


Case 3.  Carbon-pile voltage regulator 
operating self-excitation 


Provided the fault resistance is small 
enough so that the generator terminal 
voltage drops more than a volt or two, the 
carbon-pile resistance can be assumed to 
change instantly to its minimum value 
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Figure 3. Shunt generator faults. No regulator, separate excitation, full initial load 
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The field circuit resistance changes in- 
stantly from its initial value (Ry)o to its 
minimum value R,. This assumption ap- 
pears valid both in theory® and in prac- 
tice. 

Calculations from reference 5 show 
that if, for instance, the change of ter- 
minal voltage at t=0 were 30 volts, then 
the rate of change of carbon-pile resist- 
ance ‘would be approximately 15,000 
ohms per second for a typical regulator. 
Oscillographic records have confirmed 
this, therefore the portion of the field cir- 
cuit comprised of minimum resistance R, 
and the field inductance experiences 
a change of voltage equal to —Ho”+ 
Ryjiq(t). 


ae Eo—(La)oRz 


Pig ie icee 
(Ry)o 


which is the difference between the volt- 
ages across this portion of the field the 
instant before and the instant after the 
fault. 

The field circuit equation in this case 
is given by 


ai images . 
Ryia(t) —Eo" =l, +M— t+ Reis(t) (5) 
regulator 


Case 4. Carbon-pile voltage 
operating, separate excitation 


Here again the same assumption can be 
made regarding the instantaneous change 
of carbon-pile resistance. The voltage 
change experienced by the remainder of 
the field is given by 


where £ is the constant excitation volt- 
age. In this case the field circuit equa- 
tion is given by 
Veet Mn! Reig (6) 
mee ge 
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Figure 5. Shunt generator faults. No regulator, generator self-excited, initial. load zero 


Solution of Equations for Fault 
Current 


Equation 2’ easily may be solved si- 
multaneously with either equation 3, 4, 
5, or 6. The LaPlace Transform of the 
total load current in all four cases will 
have the form: 


(Ia)o aif 


s Las 


= S+8; < (7) 
(S+A)?+B;? 


where 


B, will be defined. 

The subscript j equals 1, 2, 3, or 4 and 
refers to the four conditions under which 
the field circuit equation was written. 
The corresponding constants are defined 
as follows: 


- 

i 

2 

2 

4 

rT} 

a 

— 

= 

z 

Ww 

[4 

a 

r= 

oOo 

Ww 

4 

2 

= —----CALCULATED 
« MEASURED 
< 

Ol 02 .03 04 
TIME (seconds) 


Figure 4. Shunt generator faults. Regulator operating, self excitation, full initial load 
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Case 1. Nosregulator, self-excitation 


s 


Ai=8— is 
KR, 
B= @ Ba’ —-——* — 4? 
Daly 
where 
; Da 
== 
La 
Case 2. No regulator, separate excitation 
b2=B 
By=~/ Ba! — A? 
Case 3. Voltage regulator operating, self- 
excitation 
B Kgs Eo” 
eld aa 
By == By 
Case 4. Voltage regulator operating, sépa- 
vate excitation 
Bs =B=B2 
By = By 


It is shown’ in Appendix 1 that 


Therefore, in deriving equation 7 from the 
differential equations the inductive cou- 
pling coefficient was eliminated by using 
the other more easily determined con- 
stants. 

Transient load current as a function of 
time is given by the inverse transform of 
equation 7, namely 


ig (t) = Eo! [K,+Ky.e~“* sin (Byt-+y)] (8) 


or 

Ta(t) =(La)o-+ Fy! |Ki +K,e~“’ sin (Byt+y)] 
(8') 
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where 
By By 
= tan™! - }+ tan~*{ - 
ie (4)4 ; (*) 
panels ee 
La(A?+ By?) 
: /(By—A)*-+ By? 
== 
Ly ByV A?+-By? 


and /,(t) is the total armature current, 

Differentiating equation 8 and setting 
it equal to 0, the time at which peak cur 
rent occurs is given by 


ty = dan i ellis (9) 
B; A —£B, 


Combining equations 8 and 9 we ob- 
tain the peak incremental current in terms 
of the generator parameters and the fault 
resistance : 


ta (tp) = Eo’ X 


A 
E -+- Kee Pee Ay 4. 


® B; Ey’ 
sin | tan“; - =3— 
A Ry 


The reciprocal of the term in the square 
brackets of equation 10 has the dimension 
of resistance and will be designated by 
Ry. Unfortunately, its form is not 
simple, The best we can do is to deter- 
mine the relative importance of the pa- 
rameters by calculating families of curves 
using a practical set of parameters and 
varying one of them. It is hoped in this 
way to be able to understand better what 
factors must be considered. Recently 
attempts have been made to find a cor- 
relation between transient resistance of a 


(10) 


d-c generator and the product horsepower 


times speed.’ The attempt in this paper 
has been to express the current transient 
in terms of factors which can be measured 
easily and which can be calculated from 
the physical structure of the machine. 
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Determination of Constants 
of Generator 


RESISTANCE VALUES 


Six constants of the generator must be 
determined before 
Of these, 


field and armature circuits, which in the 


solving equation 8. 
two are the resistances of the 


main are measured by well-known meth- 
ods, The resistance of the armature cir- 
but changes 


greatly as a function of load for small cur- 


cuit is far from constant, 


rents. The change is connected with 
commutator film and surface polish of the 
earbon brush.’ At low-current densities 
the resistance of the carbon-copper con- 
This 
portion of the resistance drops rapidly to 
a low value at high-current density, The 
value of Ry used in this paper is always 
measured at full load. 


tact is high and is a function of time. 


DEMAGNETIZATION CONSTANT 

D, was defined earlier in this paper as 
O¢,/Oi,. If the terminal voltage /, is ex- 
pressed as a function of the armature and 


CURRENT (PER UNIT) 


—— MEASURED 
wann- CALCULATED 


ARMATURE 


TIME 


the field currents,’ the expression may, be 
differentiated partially with respect to 
armature current giving 


Adding armature resistance to both sides 
gives the constant D,. These partial de- 
rivatives can be approximated by incre- 
mental measurements in the neighbor- 
hood of the initial operating point, and 
the transients calculated in this paper 
used values obtained in this manner, For 
simple shunt-wound generators this leads 
to no difficulty, but for compensated 
machines trouble is encountered in the re- 
gion of small armature currents, In this 
region the changes of brush-contact re- 
sistance with current density are on the 
order of magnitude of D, itself and thus 
introduce prohibitively large errors unless 
great care is taken. 


SLOPE OF SATURATION CURVE 


K, is the slope of the generator satura- 
tion curve at the initial operating point. 
Again, the value may be obtained either 
by differentiating an analytical expression 
for terminal voltage, this time with re- 
spect to field current, or by direct meas- 
urements holding load current constant 
if the machine is available. Good results 
were obtained only when D, and K, are 
evaluated in the neighborhood of the 
initial operating conditions, 


MutvuaL INDUCTANCE BETWEEN FIRLD 
AND ARMATURE CIRCUITS 


M is a magnetic coupling coefficient 
expressing the effect upon the field cireuit 
of changes in armature circuit current. 
No attempt has been made to argue 
whether it is a bilateral mutual inductance 
in the usual sense. The question is of no 
practical importance, because the voltage 


(seconds) 


Figure 7. Shunt generator faults, Regulator operating, self-excitation, initial load xero 
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introduced into the armature circuit be- 
cause of typical rates of change of field 
current is found to be negligible. As 
stated above, the relationship M=D,L,/- 
K, justified in Appendix I was used in this 
paper to eliminate the need for evaluating 
M directly. The assumption necessary 
to derive this relationship is that there 


exists a proportionality between the flux 


responsible for generated voltage and the 
flux linking the field pole winding. 


FIELD SeiF-INDUCTANCE (INCREMENTAL) 
Lis defined as 
Ny(O¢y) /di¢X 10-8 


where N; is the number of turns in the 
shunt field winding. The flux linking the 
field winding is related to the effective air- 
gap flux by a leakage coefficient which in 
aircraft generators is quite large and must 
be taken into account. If the generator is 
available L; may be obtained by direct 
measurement in either of two ways. With 
no generator load an oscillographic record 
may be made of the response of the field 
current to a step change of resistance with 
constant excitation, or sinusoidal re- 
sistance change® can be introduced and 
voltage and current phase relationships 
observed as a Lissajou figure. The latter 
method is to be preferred, but a sinu- 
soidally variable resistance generally is 
not available. To determine L, with the 
generator loaded, the value of K, was first 
determined in the vicinity of the loaded 
operating point. The loaded L, can be 
calculated from the loaded K, and the L, 
and K, for some no-load case, reducing L, 
in proportion to the K,’s and making the 
proper adjustment for the change of leak- 
age coefficient. 


ARMATURE CIRCUIT INCREMENTAL 
SELF-INDUCTANCE 


Methods for calculating L, from a 
knowledge of the physical characteristics 
of the generator haye recently been pub- 
lished, and ‘it is not the purpose of this 
paper to attempt an improvement of 
these calculations. It is clearly recog- 
nized that L, is variable and probably the 
treatment of it here as a constant is the 
weakest assumption which has been made. 
The approach here will be merely to de- 
fine L, and indicate the manner in which 
it was measured. 

As previously stated, L, is the incre- 
mental self-inductance of the entire arma- 
ture circuit, including commutating and 
compensating windings, at the initial 
operating condition. Ina previous paper® 
the terminal voltage transient was ex- 
pressed as a function of time upon re- 
moval of load from a regulated generator. 
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Two discontinuities occur in the voltage 
transient, one at £=0 and a second when 
the load current reaches zero. Both are 
primarily discontinuities in the L,di,/dt 
voltages of the armature circuit. To a 
very good approximation L, is given by 
dividing the step-function change of ter- 
minal voltage at the instant full load is 
initiated by the rate of change of load 
current. It is recognized that L, is in- 
fluenced by eddy-current paths in the 
field poles and rotor, and hence is a func- 
tion of the speed of flux variations. How- 
ever, the checks between empirical and 
calculated transients appear sufficiently 
close to substantiate the measurements of 
I, made in this fashion. 


Application to Existing Generators 


The equations derived in the preceding 
paragraphs have been applied to two air- 
craft generators; generator number | has 
a simple shunt field and is rated at 75 
amperes, 30 volts, while generator number 
2 has compensating and commutating 
fields and is rated at 200 amperes, 30 
volts. 

Figures 2 through 7 show families of 
curves calculated for generator number 1 
with various values of fault resistance. 
In Figure 2 it was assumed that there 
was no regulator, that the generator was 
self-excited, and that the initial load cur- 
rent was 75 amperes, corresponding to 
full load. Figure 3 assumes the same 
conditions, but with separate excitation. 
In Figure 4 it was assumed that a carbon- 
pile voltage regulator was connected, that 
the generator was self-excited, and the 
initial load was 75 amperes. Figures 5, 
6, and 7 are the corresponding cases cal- 
culated assuming the initial load equaled 
zero. The constants in these calculations 
were as follows: 


for a maximum error of +8 per cent in 
the value of D,, whereas with the com- 
pensated generator hysteresis causes 
changes in D, up to +80 per cent. It is 
reasonable, then to obtain the better fault 
current predictions assuming linearity 
with generator number 1. However, at 
least two additional factors should be in- 
vestigated in connection with the prob- 
lem, namely, the effects of interpole 
saturation and eddy currents upon ef- 
fective armature inductance. 


Factors Affecting 
Transient Response 


The transient resistance, Ry, of d-c 
generators has been defined in various 
ways by different investigators.’ In 
reference I it was defined as the ratio of 
the initial generated voltage to the total 
peak surge current. In reference 3 it was 
defined as the ratio of changes of load 
voltage and current taken at the instant 
of peak surge current. From equation 10 
it can be seen that the ratio of peak 7, 
to Eo’ is expressed in terms of the param- 
eters of the generator and the fault re- 
sistance. Therefore this appears to be a 
fundamental relationship. po’, it should 
be recalled, is the driving voltage which 
appeared across our switch before it was 
closed short-circuiting all or part of the 
initial load resistance. We are defining 
transient resistance as the ratio of this 
step function input voltage to the peak 
incremental armature current, 

The fact that the peak change of load 
current rather than peak total current is 
fundamental explains in part why other 
investigators? have found transient resist- 
ance defined in the first manner to de- 
crease with increased initial load current. 
The difficulty with specifying a unique 
transient resistance for a particular gener- 
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Each figure also shows the correspond- 
ing measured transient load currents, and 
the agreement is fairly good in each case. 

Figure 8 shows a typical comparison 
between measured and calculated tran- 
sients with the compensated generator 
number 2, The constants, such as Ly and 
D,, for this machine are much smaller (by 
a factor of 5 to 10) than with generator 
number 1, yet the absolute magnitude of 
the magnetic hysteresis in both generators 
is nearly the same. With the simple 
shunt machine hysteresis could account 
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ator even by the use of equation 10 is that 
the generator parameters change as a func- 
tion of initial conditions. With a compen- 
sated machine such as generator number 
2 in this paper, the parameters vary rela- 
tively little with initial conditions. If, for 
instance, the parameters are measured at 
30 volts, both no-load and full-load, the 
constants will remain about the same 
except for a decrease of Ry. This results 
in an increased time constant for the 
shunt field which in some cases decreases 
the transient resistance slightly. 


ew 


Transient resistance, Ry, defined as 
above has repeatedly proved to contain 
a constant of the generator which is inde- 
pendent of fault resistance. If the fault 
resistance is subtracted from Ry one gets 
the zero-fault transient resistance (Rr)o. 
Table I shows values calculated from the 
series of measured curves in Figures 1 
through 6. Values of Rp calculated by 
equation 8 will differ from the values in 
Table I by less than 6 per cent. 

The parameters affecting transient re- 
sistancé depend a great deal upon which 
condition is being analyzed, and in par- 
ticular which term of equation 10 domi- 
nates. If the transcendental term domi- 
nates as, for instance, with a self-excited 
generator with no regulator and a small 
fault resistance, the transient resistance is 
critically dependent upon the mutual in- 
ductance between the shunt field and the 
armature circuit. If the constant term of 
equation 10 dominates, such constants 
as the armature and fault resistances and 
the demagnetization coefficient are the 
determining factors, as no inductance 
terms appear in K,. In this case, the 
field resistance and the slope of the satura- 
tion curves also are important, especially 
if the generator is self-excited. Experi- 
ments have been performed varying the 
field time constant when the generator 
was separately excited. The effect upon 
the fault current transients was virtually 
negligible. 

Generator speed has been observed? to 
affect the transient resistance, always in- 
creasing it with increased speed. For 
cases when the transcendental term of 
equation 10 dominates this is due pri- 
marily to the increase of the mutual in- 
ductance coefficient and the decrease of 
the shunt field-circuit time constant with 
speed. 

A most pronounced effect upon tran- 
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sient peaks and therefore upon transient 
resistance is caused by a change of the 
self-inductance of the armature circuit. 
Figure 9 shows a typical set of calculated 
curves in which reducing the self-induct- 
ance of the armature circuit by 50 per 
cent increases the transient peak current 
by 18 per cent. In the same figure the 
effect of decreasing the magnitude of K, 
by 35 per cent and D, by 25 per cent is 
illustrated. In general a decrease of the 
magnitudg.of either D, or K, raises the 
Se TS fi ae fault current, and 
to a lesser extent raises the peak current 
surge. : 

It was stated earlier that the generated 
voltage and field flux decrease markedly 
by the time the peak fault current is 
reached. One quantitative example will 
suffice to illustrate this point. Consider 
the zero-fault transient plotted in Figure 
2, in which the values of D,=0.080 and 
K,=15.5 were used. Solution of the 
equations show that at time of the peak 
fault current 7, =270 amperes and 7,=0.82 
ampere. From equation 1 it follows that 
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Figure 8. Compensated generator faults. No regulator, self-excitation, full initialload 
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the generated voltage has decreased 9.0 
volts, or 30 per cent of its original value. 
The fact that by use of a cohstant flux 
leakage coefficient correct fault currents 
were calculated is presented as proof that 
the shunt field flux decreased propor- 
tionally to the generated voltage. 


Removal of Fault 


This paper has dealt with problems of 
interest to the designers of circuit inter- 
rupter equipment. For the sake of com- 
pleteness a word should be said about the 
terminal voltage transient resulting from 
the clearing of a fault. The author has 
included in a previous paper® two calcula- 
tions of terminal voltage transients fol- 
lowing the removal of a full normal load 
from a regulated generator, 

The question has been raised as to 
what peak voltage the circuit breaker 
sees during the time a fault is being re- 
moved. From the available data it ap- 
pears that the answer can be furnished 
using the previous work in conjunction 
with the present paper. However, no 
attempt will be made to discuss it in de- 
tail here. Only two tentative results will 
be mentioned, namely: 


1. The peak terminal voltage during load 
removal is not a function of the generator 
alone, but is equally dependent upon the 
circuit breaker characteristics. 


2. The incremental self-inductance, La, 


and ohmic resistance, Ra, of the generator 
armature circuit (including commutating 
and compensating windings) are the only 
generator parameters which affect this 
voltage peak. 


If the fault current has come to a 
steady state J; before being cleared and 
the terminal voltage at that instant is 
), then the peak voltage seen by the 
circuit breaker will be 2) + Ral + Ladig/dt 
where L, and di,/di are evaluated the in- 


AEIE TRANSACTIONS 


considered. 


3.5 


a 3.0 
2 
> 
« 2 
Ww 
a 


20) 


(A) Basic parameters 


(8) L, reduced 50% 


ARMATURE CURRENT 


O51 (cd 104! 


(D) Kg 


reduced 25% 
reduced 35% 
Ol 


TIME (SECONDS) 


Figure 9. Calculated fault currents with various 
generator parameters 


stant before the fault current reaches 
Zero. 


Summary 


Expressions for the transient fault 
currents of both regulated and unregu- 
lated aircraft d-c generators have been 
derived. Linearity of incremental in- 
ductance coefficients, demagnetization 
caused by load current, and saturation 
curve slope were assumed, and two 
simultaneous linear differential. equations 
were written which satisfactorily describe 
measured transient fault currents up to 
and past the peak surge. The solution 
to these equations indicates that a reason- 
able definition for transient fault resist- 
ance of a generator is the ratio of the step 
function driving voltage (or voltage short- 
circuited at the instant of fault) to the 
maximum incremental load current. 
Nevertheless, by this definition the effect 
of initial conditions, excitation, and the 
presence of a voltage regulator must be 
The voltage regulator is 
found to decrease transient resistance, and 
this decrease is reasonably well accounted 
for by the differential equations which 
have been solved. 

Solutions to the equations show that 
generated voltage has decreased about 
16 per cent in typical cases at the peak 
current surge although decreases up to 30 
per cent have been noted. 

The values of mutual inductance used 
everywhere in this paper were derived 
assuming that the leakage flux coefficient 
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remained constant throughout each tran- 
sient. Results appear to justify this as- 
sumption in the case of the simple shunt 
generator. However, the presence of in- 
terpoles and compensating windings in- 
troduce some inaccuracy in the results. 
Further investigation will be necessary 
to determine whether the difference is 
caused by magnetic hysteresis, changing 
leakage flux coefficient, or the changing 
self- and mutual-inductance coefficients. 
It was stated previously that probably 
the worst assumption made in the paper is 
that L, remains constant. Treatment of 
L, in equation 2 as a function of 1% is 
possible, particularly if one has available 
the services of an analogue computer, 
such as the REAC. In this direction lies 
the best chance of improving the results 
of the paper. 


Appendix | 


Elimination of M 


Throughout the paper it has been as- 
sumed that 


wees 


M= 2 (11) 


which follows from the assumption that 
¢y is proportional to the flux ¢¢ responsible 
for generated voltage, that is: 


$a =hoy (12) 


Definitions of Dg, Ly, Ks, and M have 
been given in the text. If one utilizes the 
fact that for a constant generator speed 


ey =Koa (13) 
where ¢q is the flux responsible for gener- 


ated voltage, the definitions take the form: 
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From equations 12 and 14: 


Daly Og 
See NO 15 
Ks Ot as (3) 


Which by definition is equal to M. 


Appendix Il 


Nomenclature 


Ra=The d-c resistance of the armature 
circuit consisting of the armature 
winding and, if any, the compensat- 
ing and commutating winding 

R,= The total external fault resistance 

(Ryjo=The shunt field circuit resistance 
prior to the application of fault 

Rs=The minimum field circuit resistance 
with carbon-pile resistor at its least 
value 

Ry=The field circuit resistance after fault 
(Rs when a regulator is connected, 
and (Ry)o with none) 

(Ja))=Load current prior to fault 

Za= Incremental change of armature current 

i¢= Incremental change of shunt field cur- 
rent 

e,=Incremental change of generated volt- 
age from that existing prior to fault 

&=Constant excitation voltage with sepa- 
rately excited field 

v=2( eee 

(Ryo 
E)=Terminal voltage prior to fault 
o = Ey— (Ua )oRt 
Ae Rs phe 

Eo Tate (La)oRz 

La=Incremental  self-inductance ; of the 
armature circuit 

Ly=Incremental self-inductance of the 
shunt field circuit 


Ol. 
Dag=— with constant field current 
la 


tae. F 
K;= = with constant armature current 
Ly 
¢r= Flux linking shunt field winding 


M= Net 10~§ with constant field current 


la 
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Discussion 


Donald G. Scorgie: Verbal discussions after 
the presentation of this paper, and subse- 
quent exchanges of personal letters with 
members of the audience, have indicated 
that several points were in need of clarifiea- 
tion, 

At the time of writing the paper, we 
did not realize that our results represent an 
exact analytical justification for the em- 
pirical work on aircraft generators by R. H. 
Kaufmann and B, J. Finison (reference 8 of 
the paper). Simple algebra shows that 
transient resistance as defined by them al- 
ways will differ from ours exactly by the 
value of the fault resistance, so that the re- 
sults are intimately related, Transient re- 
sistance, as defined by Finison and Kauf- 
mann, is given by 


[Ey' = (ia)pRu\/(ta)p 
where (iq)p is the peak change of armature 
current, 

The important point is that Minison and 
Kaufmann, through a large number of ob- 
servations, have in effect concluded with us 
that 4! is the driving voltage which actuates 
the fault transient. Those who are attempt- 
ing to establish procedures to explain these 
phenomena should not let themselves be re- 
stricted by the desire to carry over results 
from synchronous machine theory, Both 
the results of reference 8 of the paper and 
our own results have indicated that an 
attempt to relate transient response with 
generated voltage prior to the fault is 
physically unrealistic when there is large 
initial load or large fault resistance, Some 
of the resulting difficulties, clearly pointed 
out in reference 2, of the paper, are resolved 
here becatise this assumption was aban- 
doned, 

Much controversy centered upon equation 
12 of the paper and upon what becomes of 


~J 
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oS 


field current during the transient. The con- 
flicting view of transient flux behavior, as 
stated in reference 1 of the paper, is that 
gy remains constant until the peale fault cur- 
rent; that dq decreases; and that the loak- 
age flux increases sharply to counterbalance 
the change of dg. Such conflicting views can 
be resolved by direct measurement, With 
shunt-wound aireraft generators, equation 12 
is confirmed, since the flux is found to de- 
crease in proportion to da. The leakage flux 
linking the field winding also decreases in 
spite of the field current rise, and the ex- 
planation rests on the saturation of the pole 
tips with armature current, 

Another line of reasoning indicates that 
the view of transient Mux distribution which 
sees dy as a constant ought to be re-exam- 
ined, Consider for the moment a fault 
transient as viewed by the field winding in a 
separately excited machine, The only 
mechanism by which the field winding can 
detect the transient at all is through a 
change of pr with time. A high rate of 
change, dpy/dt, continues for as long as 0,01 
second in aireraft generator faults, and 
longer with large machines, At the end of 
this time, the total decrease in pe must be 
very considerable to explain the observed 
transient field current. or the reasons 
stated previously, the assumption that 
dy is a constant must not be made; and if 
insisted upon, leads to the rather peculiar 
situation in which the field current is not 
dependent upon the driving voltages in» 
duced in the field circuit, but acts as a sort 
of independent variable which ultimately 
determines the flux distribution, 

Mr, Linville’s assumption regarding oy, 
was motivated by the desire to use the con» 
stant flux linkage theorem, which is an ex. 
cellent theorem when it is applicable. The 
constant flux linkage theorem applies to in- 
stantancous changes only, and i® only 
moderately useful when flux linkages are 
assumed constant over the relatively long 
periods of time which elapse before peal 
fault current is reached, 

The feeling was strong that an under- 
standing of field current transients should be 
demonstrated using our approach, Wield 
currents were calculated and measured for 
all transients in Figures 2 through 8 of the 
paper, Where armature current caletula- 
tions were correct, the caleulated field cur- 
rents were correspondingly good, and where 
the predicted rate of rise of ¢q was small, the 
calculated field current was low. Figure 1 
of this diseussion compares calculated and 
measured field currents for the transient 
with Rp=0.085 ohm in igure 8 of the 
paper. Note that the peak field current al- 
ways occurs earliet than the peal armature 
current, which is in line with experience on 
all sizes of machines, 

Discussions of the paper have stressed 
that the reactance voltage of commutation 
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Figure 1. Calculated and measured field 


currents for the transient compared with R,, = 
0,035 ohm 


and the resulting brush drop should not be 
overlooked, The phenomenon is extremely 
complex and an oversimplified analysis 
tends to exaggerate its effect, The following 
points, for instanee, should be considered ; 

1, The crowding of current to one edge of the brush 
leads to abrupt commutation and henee higher 
induced voltage for a shorter time, The time intes 
gral, however, is the important consideration, and 
this does not necessarily increase, 


2, Two phenomena reduce the effective resistance 
of the brush contact at high current density; 
namely, the decrease in realstivity resulting from the 
breakdown of contact film, and the constant voltage 
characteristic of an are, 


8 It has been shown! that it is impossible to 
change the voltage instantaneously across a sliding 
carbon-copper contact, In this respect, the contact 
acta ike a leaky condenser, 


4, The sudden decrease in directoaxis armature 
flux during a fault transient induces, through 
transformer action with the short-clreuited turns, 
an electromotive force in the proper direction to 
oppose the reactance voltage,* 


Notwithstanding all these effeets, the 
brush drop is known to be appreciable in 
large machines. In aireraft generators the 
effect is relatively small, Some very careful 
measurements by Loren Schroeder of this 
Laboratory indicate that the brush drop ina 
typical aircraft machine remaing level near 
one volt and inereases extremely slowly for 
higher currents. U}ris relatively constant ine 
crease in brush drop with current does not 
invalidate the use of the equations in the 
paper, since it is absorbed automatically in 
the directly measured Dg. If the magnitude 
of the brush-drop-change with armature 
current becomes too large, it is necessary to 
make some slight adjustment of the yalue 
of M obtained through the use of equation 
11 of the paper. This was not found to be 
necessary with the aireraft machines tested, 
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Synopsis: This paper reports the develop.’ 


ment of a new synthetic resin bonded mica 
tape insulation for high-voltage stator wind- 
ings. It reviews the problems associated 
with earlier forms of high-voltage machine 
insulation. The general construction and 
processing of the insulation are described 
briefly. Comprehensive test data are pre- 
sented on the characteristics of the ma- 
terials employed and the resultant physical 
and electrical properties obtained on the 
composite insulation. This new insulation 
is now being applied to turbine generators 
for central station service. 


VER since the first central station 
generator started delivering power 
in New York City in 1882, insulation has 
presented a challenge to the designer. No 
other single component of the generator 
determines its reliability and continuity 
of service more than the insulation. 
While the earliest generators had treated 
fibrous insulation of cellulosic origin, 
mica was applied as early as 1892. Mica 
has a unique combination of electrical, 
mechanical, and thermal properties that 
have not been equalled by any of the 
many synthetic materials which have ap- 
peared in the last 50 years. Mica has been 
and still is the key material around which 
all high-voltage rotating machine in- 
sulations have evolved. 

Mica, while having excellent properties, 
unfortunately is not available in con- 
tinuous film form and therefore must be 
applied in the form of flakes of varying 
sizes. This necessitated the use of some 
organic materials such as paper, cotton 
cloth, and resinous binders such as shellac 
or asphaltic compounds to apply the in- 
sulation and fill the voids. Most of the 
advances made in the last 40 years in this 
type of insulation have involved either 
the development. of better resinous 
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‘binders for the mica flakes or improve- 


ments in the process of applying such 
binders to obtain a low loss and relatively 
void-free insulation. The presence of 
voids in insulation has a marked effect on 
the dielectric strength, and hence con- 
siderable effort has been expended on the 
development of insulation having a mini- 
mum of voids not only when new but also 
during the long period of service ex- 
pected. 

The first major advance in high-voltage 
machine insulation was made when the 
mica folium insulation was developed in 
Europe.! The Haefely process for ap- 
plying this insulation was first brought to 
this country by Westinghouse in 1911. 
Mica folium originally consisted of wide 
sheets of fabricated mica backed with 
thin paper and bonded together with 
shellac. This insulation was applied to 
the straight parts of the coils by means 
of the Haefely machine which heated and 
rolled the folium onto the coils. The end 
turns were then insulated with multiple 
layers of varnished cambric tape. This 
insulation was excellent from the elec- 
trical standpoint, but as machines be- 
came longer some difficulty was experi- 
enced with the joint between the mica 
folium on the straight parts of the coil and 
the varnished cambric on the end turns. 
This difficulty was a result of differences 
in expansion and contraction of the copper 
conductors, the insulation, and the iron 
in the stator in going through temperature 
cycles, Also the organic end turn insula- 
tion possessed the disadvantage of having 
a somewhat limited life as machine oper- 
ating temperatures were increased. 

This mica folium insulation neverthe- 
less served very well for about 15 years 
with only. minor modifications. The 
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first appreciable change was made in this 
country in the 1920’s,”*> when the rela- 
tively hard and brittle shellac bond was 
replaced by a softer asphaltic type of 
bond; and mica tape was substituted for 
the varnished cambric end turn insulation 
formerly used. Similar improvements 
also were made in Europe.‘ These 
changes inereased the flexibility, lowered 
the dielectric losses, reduced the swelling, 
and provided an end turn insulation with 
higher thermal stability. The joint be- 
tween the mica folium insulation on the 
straight part of the coil and the mica tape 
still remained and caused occasional dif- 
ficulties in the longer machines. 

As machines became still larger and 
economic consideration dictated that tur- 
bine generators with very long stators be 
built, the joint had to be eliminated. The 
first asphalt-bonded, continuous, joint- 
free mica tape insulation was developed 
about 1920.%° By the early 1930’s most 
of industry in this country had adopted 
the continuous mica tape type of insula- 
tion for all types of high-voltage rotating 
machines. The bond widely used in this 
mica tape insulation is a somewhat flexi- 
ble, thermoplastic asphaltic compound. 
This compound enables the insulation to 
adjust itself to a certain degree to the 
dimensional changes brought about by 
the differences in expansion of the metal 
parts and the insulation during normal 
operating temperature cycles. The in- 
sulation adjustment is generally dis- 
tributed over the whole length of the coil 
instead of being concentrated at the 
joints used in the earlier insulation.’ This 
insulation permitted a considerable in- 
crease in size of machine. It has had a 
rather successful period of application and 
is still being used. 
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It is of historical interest that in the 
late 1920’s there was considerable dis- 
cussion, first in England, and then in this 
country, about going to higher voltage 
generators. It was pointed out that a 
number of machines of relatively small 
kilovolt-ampere rating had been generat- 
ing power in Italy at 30 kv since 1905, 
while in the United States generated 
voltages were largely in the range of 11 to 
15 kv. This development resulted in the 
construction of the Parsons generator? in 
England with its circular and concentric 
coil construction designed for 33-kv oper- 
ation. The 


construction of an appre- 


Figure 3. 
mica tape to a high-voltage generator half-coil 


Close-up view of taper applying 
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ciable number of machines having voltage 
ratings in the ranges from 16 to 22 kv 
soon followed in this country. These 
machines which were built by several 
manufacturers were largely of conven 
tional design but involved a number of 
The 


radically different coil construction used 


improvements in the insulation.®? 


in the Parsons generator in England was 
never adopted in this country largely for 
economic reasons. 

The trend in this country has been to 
machines of larger and larger kilovolt- 
ampere rating rather than to higher volt- 
age rating. This trend together with the 
practice of operating the machines at 
considerable overloads during the years 
of World War II has resulted in some 
difficulty in a few machines even with the 
asphalt bonded continuous mica tape in- 
sulation, This difficulty appeared in the 
form of a somewhat unpredictable migra- 
tion of the insulation, generally just be- 
yond the stator iron in the end turns. 
This phenomenon was reproduced in the 
laboratory and a subsequent study of the 
problem showed that the insulation move- 
ment occasionally observed could be at- 
tributed to the thermoplastic nature of the 
asphaltic bond. Thus, the results of this 
investigation indicated that further im- 
provement in the mica bond was neces- 
sary for the completely successful opera- 
tion of large machines at the higher tem- 
peratures. It is the purpose of this paper 
to describe the work that has been done 
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in the last 10 years to achieve this end. 

The work on which this paper is based 
was started in the Westinghouse Re- 
search Laboratories in 1940, where a new 
series of solventless polyester resins was 
under development. This start was made 
at a time when a strong trend was de- 
veloping toward the use of synthetic res- 
ins in place of such natural resins as 
shellac, asphalt, copal, and so forth. 
Considerable time and effort was re- 
quired to develop the best resin bond for 
this important application and to devise 
the radically new processes required for 
its production. This new insulation was 
made possible by progress in the develop- 
ment of synthetic materials through 
chemistry, an era which began primarily 
in the decade between 1980 and 1940. 
The application of this new insulation to 
turbine generator coils started in 1949. 
This paper will present (a) properties of 
the resin impregnant, (b) description of 
the mica tape, (c) discussion of construc- 


ie 


Figure 4. Close-up view of fiber glass finish- 
ing tape being applied to coil 
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tion and processing together with (d) 
physical behavior, and (e) electrical prop- 
erties of the new insulation. 


Properties of the Impregnant 


The impregnant plays a very important 
role for it serves as the mica bond and de- 
termines to a large extent the mechanical 
and electrical properties of the composite 
insulation. The asphaltic compounds, 
previously used, have given a good ac- 
count of themselves but they have two 
shortcomings. These are (1) multiple 
impregnations at high temperatures and 
pressure are necessary to obtain adequate 
filling of the voids because they have very 
high viscosity at ordinary temperatures, 
and (2) they flow much like a viscous 
fluid at the higher machine operating 
temperatures because of their thermo- 
plastic nature. Conventional synthetic 
varnishes of the thermosetting type which 
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Figure 6. Mobile press with coils in place showing how the new in- 


Figure 5 (left). 

Pilot treating sys- 

tem where coils 

are impregnated 

with synthetic 
resin 


Figure 7 (right). 
Coils with syn- 
thetic resin 
bonded mica 
insulation re- 
ceiving finishing 
treatments 


do not flow at any temperature have 
been investigated. These were, how- 
ever, soon found to be unsatisfactory be- 
cause they contain high percentages of 
nonreactive solvents which must be re- 
moved after the impregnating operation. 
The space occupied by the solvent in this 
type of impregnant must therefore finally 
appear as voids in the composite insula- 
tion. Much effort was therefore ex- 
pended in developing a solventless ther- 
mosetting resin with the desired improve- 
ment in electrical and mechanical prop- 
erties. 

A considerable number of solventless 
resins now are available but most of them 
are unsatisfactory for this application be- 
cause they lack some of the electrical or 
mechanical properties deemed essential. 
The impregnant finally developed con- 
sists of a resin belonging to a class of syn- 
thetic resins known as linear polyesters 
which is dissolved in'a special heat reac- 


sulation is pressed and restrained during oven curing of resin 


This combination 
of resins can easily be impregnated into 
the mica tape insulation at ordinary tem- 
peratures because it is quite freely flow- 
ing before the co-polymerizing reaction 
takes place. After the composite resin is 
in place and heat is applied, the com- 
ponents react with each other to produce 
a cross-linked, thermosetting solid resin. 
This final reaction occurs without the 
formation of any gaseous or liquid by- 
products, thus making possible almost 
complete filling of the void spaces. 

The impregnating resin has excellent 
electrical properties as can be seen from 
Figure 1. Not only is the power factor 
appreciably lower than for the asphaltic 
compound, but it also is almost inde- 
pendent of temperature up to 125 degrees 
centigrade. This obviously makes for a 
higher quality insulation. 

The mechanical properties are as im- 
portant as the electrical properties in this 


tive monomeric resin. 


Figure 8. Thermal cycling test model with half-coils in a section of a 
turbine generator core 
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Figure 9 Typical heating and cooling cycle 
of coils and Iron during thermal cycling model 
test 


application and, therefore, the behavior 
of the resin under load was carefully ine 
vedtigated, particularly in the range of 75 
{0 125 deprees centigrade, Tt will be ob 
served from Tigure 2 that upon applica 
(ion of a load there is an instantaneous 
elastic elongation which is followed by a 
gradual further elongation requiring more 
(han an hour to reach its final value. This 
behavior ig almost completely reversed 
When the load is removed, Recovery is 
almost complete (wo hours alter removal 
This 
elastic recovery even though delayed is 
sulliciently complete to provide an ade- 


of the load as igure 2 also shows, 


quate restoring foree when the insulation 
in displaced during temperature cycles, 
Asphalt, surprisingly enough, shows a 
very similar behavior at temperatures of 
about 50 degrees centigrade and below.” 
Phe instantaneous elastic displacement 
ig, however, a smatier fraction of the total 
diaplacement and the delayed elastic re- 
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Figure 10, Typleal eyelic movement of old 

and new insulation on coils with respect to 

end of core on coils during thermal cycling 
test 
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covery is less complete than is the case for 
the new synthetic resin, This perhaps 
accounts for the acceptable performance 
that asphalt bonded insulation has ex- 
perienced, At the higher temperatures, 
however, the elastic properties of asphalt 
completely vanish and at 100 degrees 
centigrade and higher it behaves like a 
very viscous fiuid, The new resin bond, 
in striking contrast, exhiLits elastic prop- 
erties at the highest machine operating 
temperatures which explains its excellent 
performance in the wide range tempera- 
ture cycles to be discussed later, 


Mica Tape 
The lasic dielectric barrier for the 
ground insulation is provided by mica 
flakes applicd in tape form, The mica 
(ape is machine built with good quality 
muscovite mica splittings, The mica por- 
tion of the tape is built on a thin strong 
fibrous backing with a second layer of 
fibrous backing applied to the top side 
after the mica splittings are laid. The 
backing is coated and the mica flakes 
bonded to it with a synthetic resin which 
is compatible with the solventless heat 
reactive resin used for impregnating the 
finished coils, The bond has low elec- 
trical loss and contributes to the low 
power factor and high dielectric strength 
of the composite insulation, The finished 
mica tape is a strong, easily applied ma- 
terial which has no objectionable features 
insofar as its physical application is con- 
cerned, The higher tensile strength of 
this tape permits tighter application than 
Was possible on asphalt bonded mica tape 
without breaking it. 


Construction and Processing of Coil 
Insulation 


Basically, the new insulation consists of 
a continuous mica tape impregnated with 
the synthetic resin just described. For 
turbine generator windings, conventional 
half-coil construction is employed with all 
strands of each conductor individually in- 
sulated by varnished fiber glass covering. 
Refore the ground insulation is applied 
the assembled strands are bonded solidly 
together as a rigid structure in the slot 
portion, Up to this point the coils do not 
differ from those insulated with asphalt 
bonded tape, 

The ground insulation consists of mul- 
tiple layers of the continuous mica tape as 
ilustrated in Figure 8. The mica tape is 
applied without brushing a bond be- 
tween layers of tape, such as was neces- 
sary with asphalt bonded tape, The 
elimination of the brushing bond not only 
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Figure 11. Permanent migration of old and 

new insulation as produced by thermal 
cycling test 


makes the application of the tape a 
simpler, cleaner operation but also re- 
sults in an increase in the physical 
strength of the tape. Moreover, it facili- 
tates tight application without tape rup- 
ture resulting in better control of dielec- 
tric quality level. The process requires 
no multiple intermediate impregnations 
as all the tape is applied before impreg- 
nation. This differs from the asphalt 
bonded mica tape processing as the taped 
ground wall was applied in several steps 
with an intermediate impregnation after 
each group of tape layers was applied. 
After application of all layers of the syn- 
thetic resin bonded mica tape, the coil is 
finished by taping over-all with a fiber 
glass tape to provide a strong abrasion 
resistant surface as shown in Figure 4. 
This finishing tape is subsequently solidly 
bonded to the mica to eliminate slippage 
and its voids are completely filled to pre- 
vent corona within the tape interstices. 


Table |. High Voltage Generator Insulation— 
Physical Properties 


Asphalt 
Bonded 
Insulation 


Thermalastic 


Tensile Strength Insulation 


LOOM Ce ances 
Coefficient of Expansion 
Per Degree Centigrade : 
Thickness, ...... veve 800X10-*..... 7210-8 
Length wes senna 6.85 X 10-*,....6.66 X10-* 

References 


Steel cc Viwnckhe A sitesi 11.5X 10-8 
17 X10-* 
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Figure 12. Power factor voltage test data on asphalt bonded and 
synthetic resin bonded insulations 


On asphalt bonded coils the outside 
binder tape was usually applied separately 
after all impregnation processes were com- 
plete. 

Next, the coils are heated and evacu- 
ated at high vacuum to remove moisture 
and gases. They are then impregnated in 
the manner shown in Figure 5 by vacuum 
and pressure with the synthetic resin. 
The process used results in the unusually 
high degree of filling of the coil interstices 
shown by the electrical tests as well as 
physical examination. 

After the vacuum and pressure impreg- 
nation special mobile presses shown in 
Figure 6 are employed to clamp and sup- 
port coils during oven curing of the resin. 
These mobile presses place restraint on 
the slot portion ensuring that the proper 
finished slot size is obtained. Support 
blocks hold the coil ends during cure to 
ensure that all coils are the same and will 
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fit the core and coil supports. The mobile 
presses with coils in place are moved into 
an oven and the impregnating resin is 
cured with the coil positively held in the 
desired size and shape. After comple- 
tion of oven cure of the resin, the coils are 
given their usual conducting surface 
treatments on the slot and end winding 
portions as illustrated in Figure 7. 


Physical Behavior 


Some of the physical properties of the 
new insulation are compared to those of 
the older asphalt bonded mica insulation 
in Table I. This table shows that the in- 
crease in tensile strength of the new in- 
sulation is more than 3-to-1 at room tem- 
perature aud is more than 30-to-l at 
operating temperature (100 degrees centi- 
grade). The reduction in coefficient of 
thermal expansion in the thickness dimen- 
sion is an important characteristic of the 
new insulation as also indicated in Table 
I. The improvement in physical strength 
and reduction in thermal expansion of the 


Figure 13 (left). 
Power factor versus 
temperature test data 
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Figure 14. Power factor test data on complete phase groups of asphalt 
bonded and synthetic resin bonded insulations high-voltage windings 


new insulation when heated are favor- 
able to its operation in large generators. 

The tests on insulation samples have 
been supplemented by simulated shock 
tests on full size coils as well as short- 
circuit tests on complete windings. These 
tests confirm the greater strength of the 
new insulation and its ability, when prop- 
erly supported, to withstand expected 
physical loads during normal operation 
and occasional short circuits, 

An important part of this development 
consisted of studying the effect of dif- 
ferential expansion of iron, copper, and 
insulation. Early studies were con- 
ducted on small models and the final 
phase was carried out in a 108-inch long 
section of the core of a standard turbine 
generator. The test model and coil setup 
are shown in Figure 8. Standard coils 
were employed with various types of in- 
sulation. Coils were heated by passing 
current through them and cooled by 
blowing air through the core vent ducts. 
A typical heating and cooling cycle is 
shown in Figure 9. The cyclic movement 


on asphalt bonded 
and synthetic resin 
bonded insulations 


Figure 15 (right). 
Dielectric strength 
and voltage endur- 
ance data on old 
and new insulations 
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of the insulation out of the ends of the 
core was observed by dial gauges that can 
be seen in Figure 8. Typical cyclic move- 
ment for two types of insulation is shown 
in Figure 10. Permanent migration of the 
insulation is illustrated in I%igure 11, 
which clearly indicates the continued 
creep of the asphalt bonded mica insula- 
tion and the inherent stability of the syn- 
thetic resin bonded mica. The actual 
test experience is more impressive than 
the comparison shown, as not all the 
creep_of the asphalt bonded insulation 
was registered on the dial gauges. Tor 
example, a 0.250-inch observed move 
ment was sometimes accompanied by a 1- 
inch or wider separation of the surface 
tape on asphalt bonded insulation as 
localized movement frequently exceeded 
the total net movement between gauges. 
The significant point is that in no case did 
any observable separation or crack occur 
in the synthetic resin bonded mica tape 
insulation during these tests, whereas 
various degrees of insulation migration 
and tape separation were produced on 
coils with asphalt bonded insulation under 
While 
celerated cyclic tests were more severe 
than normal operating conditions, they 


identical conditions. these ac- 


reproduced serious insulation migration 
effects such as had been observed on a 
relatively few machines, 


Electrical Properties 


The power factor voltage relations for 
asphalt bonded and resin bonded insula- 
tions are compared in Vigure 12. In 
every condition tested the power factor 
of the synthetic resin impregnated mica 
insulation is lower than the power factor 
of the asphalt bonded mica. At operating 
voltage and temperature the power factor 
of the new insulation is approximately one 
third that of the older insulation as shown 
in the curve, 

The temperature effect on insulation 
power factor at 60 cycles is presented in 
Iigure 18. This shows the effect of tem- 
perature is negligible on the power factor 
of the new insulation but that the power 
factor of asphalt bonded mica 
sharply with temperature increase. 

The power factor of complete windings 
is of interest and such data are presented 
in Figure 14, This shows relatively little 
difference in power factors of the two 


rises 


Discussion 


C, E. Kilbourne (General Electric Company, 
Schenectady, N. Y.):; The authors are to be 
congratulated on the presentation of a most 


726 


types of insulation at voltages below 5 kv 
but a significant difference thereafter in 
favor of synthetic resin bonded insulation. 

The dielectric strength and voltage en- 
durance of an insulation system are two 
very important criteria of insulation 
quality. These characteristics are pre- 
sented in Figure 15 where time to break- 
down is shown for various voltages for 
the synthetic resin bonded insulation in 
relation to asphalt bonded mica insula- 
tion. In examining these data it is well 
to realize that the wall thicknesses of the 
test samples are the same and that the 
same grade of mica splittings is employed 
on both. A significant improvement 1s 
the data for the dielectric 
strength obtained at any time of voltage 
application on synthetic resin bonded 
mica as compared to asphalt bonded in- 
sulation. The increase in time to break- 
down for the new insulation at any given 
voltage gradient is of the order of 1,000- 
to-l1 which is indicative of the improved 
filling and reduction in size and quantities 
of internal voids in the new insulation. 

This increased voltage endurance cor- 
relates with the small effect of voltage on 
power factor. 


shown in 


Conclusions 


This new type of synthetic resin bonded 
insulation offers promise of even greater 
reliability for high-voltage machines. 
The basic insulation is mica which has 
been proved through more than half a 
century of successful service. The new 
insulation substitutes a solid yet elastic 
bond for the rigid brittle shellac bond and 
the plastic semiliquid asphalt bond used 
previously. It makes available the good 
intrinsic dielectric properties of mica to a 
greater degree than was heretofore ob- 
tainable. The insulation wall is built-up 
in a solid, well-filled structure which pos- 
sesses the inherent ability of aeccommodat- 
ing itself to the deformation resulting 
from differential thermal expansion of 
iron, copper, and insulation. The new in- 
sulation employs a bond between mica 
flakes that possesses greater physical 
strength than the inherent interlaminar 
strength of mica itself and permits cyclic 
elastic deformation of the composite in- 
sulation structure. The nature of the 
resin bond and processing technique re- 
sult in a high degree of filling of the in- 


sulation voids with the consequent im- 
provement in important dielectric char- 
acteristics such as power factor, dielectric 
strength, and voltage endurance. 

The desirable characteristics of this 
new insulation have led to its adoption as 
the standard insulation for all Westing- 
house turbine generator stator windings 
employing half-coil construction, which 
includes those rated at 12,500 kva and 
larger. Development work is now in 
progress to apply this new insulation to 
full coils. The voltage endurance, di- 
electric strength, and power factor char- 
acteristics of the new insulation should 
make possible an eventual increase in the 
operating stress and a reduction in wall 
thickness for a given voltage. 

In conclusion, it should be emphasized 
that the older insulations were adequate 
electrically as built. Experience with 
these older insulations has indicated that 
in general, electrical failure is preceded 
by serious mechanical deterioration. 
While striking gains in initial electrical 
and physical properties are obtained with 
this new insulation, the mechanical en- 
durance is the most significant charac- 
teristic as it should maintain the dielec- 
tric quality at a high level far better than 
was possible with the older insulations. 
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interesting paper, and upon the announce- 
ment of a synthetic resin bonded mica tape 
for high-voltage turbine-generator stator 
windings. While synthetic resin mica tapes 
have been used in the windings of other 
kinds of machines for several years, this is 
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the first publication of their use in such a 
large high-voltage application. The records 
of the AIEE show many examples of the 
employment of synthetics in the insulation 
field, and this and other papers at this meet- 
ing add to that record. This trend, because 
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of the great variety of new materials being 
made available by chemistry, can be ex- 
pected to accelerate in the future. 

The authors, in their introduction, state 
the important role that insulation plays in 
determining the reliability and continuity 
in service of the machines to which it is 
applied. A full appreciation of this fact has 
shaped insulation development in the Gen- 
eral Electric Company since its early begin- 
nings. In large rotating machines mica 
tape using shellac or copal as resinous bind- 
ers was introduced over 50 years ago. 
The continuous application of tape without 
joints in the insulation, over the slot as well 
as the end portions of large coils and bars 
such as those used in turbine generators, is, 
and always has been, a characteristic of the 
windings made by the General Electric Com- 
pany. When the Haefely process of slot- 
applied mica folium with its problems of a 
joint at the end of the slot portion and a dif- 
ferent construction of insulation for the 
ends of coils and bars was developed in 
Europe, it was never adopted by General 
Electric for large high-voltage windings. 
Consequently, their windings did not en- 
counter the problem of separation between 
the mica folium and the end insulation 
which the authors mention, nor did they re- 
quire special end construction to care for 
the creepage problem of a high-voltage joint. 

The continuous joint-free shellac- or 
copal-impregnated windings, with mica 
around the entire coil or bar, gave excellent 
service. However, as the authors have 
noted, shellac and copal resins are relatively 
hard and brittle, particularly when heat 
aged, and realization of this fact led in 1913 
to an intensified search for better binding 
and impregnating materials. In 1916 
asphaltic materials were substituted for 
earlier resins in the manufacture of mica 
tape, and before 1920 many machines were 
running with the new type coils. In fact, 
reference 5 of the paper, a discussion pre- 
sented in 1928, notes that two 22,000-volt 
synchronous condensers insulated with mica 
tape and treated with black asphalt varnish 
around the entire coil had been operating in 
India for five years. This was a conserva- 
tive statement. Two 12,500-kva, 22,000- 
volt condensers were built in 1919. These 
high-voltage machines were undertaken only 
after considerable practical experience with 
the new materials. As the authors note, it 
was several years after this 1928 presenta- 
tion that continuous-tape asphaltic resin 
impregnated coils and bars came into general 
industry-wide use in the United States. 

The advantages of increased flexibility, 
thermoplasticity, and longer life under oper- 
ating temperatures, which the early asphal- 
tic-type binder materials offered in contrast 
to shellac and copal, served only to empha- 


present General Electric turbine generator 
insulation should be more properly classified 
as a “Modified Bitumen Bonded Mica 
Insulation.” It is believed that the per- 
formance record and over-all characteristics 
of this ““Modified Bitumen” insulation will 
be of interest. 

The annual reports of the Prime Movers 
Committee of the Edison Electric Institute 
afford a valuable record of the service relia- 
bility of insulation in the power generation 
industry. This record covers a large number 
of turbine generators, the great majority of 
which are of American manufacture and 
virtually all of which contain asphaltic or 
modified bitumen mica insulated armature 
bars or coils. Quite a large percentage of the 
machines have the modified bitumen insula- 
tion. The record reports the total per- 
centage of outage time charged to power 
generation equipment from all causes, and 
then breaks down the total outage into sev- 
eral categories, one of which is credited to 
armature windings. Table I of this discus- 
sion presents that record covering all ma- 
chines reported during the years 1940 
through 1947, a total of about 2,000 ma- 
chine years of operation. This table shows 
that the average outage time per year of a 
machine, due to armature insulations, was 
0.150, or about 1/8 of 1 per cent of the 
available operating time. In other words, 
machines were available for service 99.850 
per cent of the demand time in so far as the 
successful operation of armature insulation 
is concerned, An examination of all outage 
records on the modified bitumen insulated 
machines, which are available to this dis- 
cusser, indicates over 99.9 per cent availa- 
bility. However, it is recognized that the 
latter record may not be as complete as the 
former one, and since so many of the ma- 
chines included in the former record have 
the modified bitumen insulation in them, 
that figure, that is, 99.850 per cent availa- 
bility, is a good benchmark. 

In discussing the performance of asphaltic 
insulations the authors state that the power 
industry trend to larger and larger ma- 
chines, plus overload operation during Word 
War II, has resulted in some difficulties with 
asphalt-bonded insulations. This diffi- 
culty, consisting of an unpredictable migra- 
tion of the insulation generally beyond the 
stator iron in the end turns, perhaps has re- 
ceived greater emphasis since the war and, 
therefore, may have exerted little influence 
on the data of Table I of this discussion. 
In an attempt to check the extent of tape 
migration troubles and any consequent 
winding failures on modified bitumen-insu- 
lated machines, this discusser has surveyed 
all the records available to him on machines 


built since 1916. This survey, covering 
many hundred machines, brings out a num- 
ber of interesting points. On a few ma- 
chines built prior to 19385, when a design 
change in coil construction was made to 
minimize end-winding differential expansion 
insulation stresses, such tape migration and 
separation has been observed. However, no 
service failures have been attributed to this 
cause. Repairs have been satisfactory and 
the machines are delivering power today. 
These cases fall into one or both of two cate- 
gories. Either they occurred on unusually 
long or very-high-voltage machines, or on 
machines which have had many years of 
service, some at overloads, which because of 
integrated time-temperature deterioration, 
and often because of peak load operation, 
have put unusually severe service on their 
insulation. In several cases such units have 
been rewound since 1935 and no further 
similar difficulties have been reported. All 
remaining machines, including over 98 per 
cent of those in service today, and including 
100 per cent of the modern hydrogen-cooled 
units, are completely free of any such re- 
ported troubles. 

The physical properties of modified bitu- 
men insulations, tested in the manner indi- 
cated in Table I of the paper, also are dif- 
ferent from the published asphalt bonded 
data. 

For example, the tensile strength of 
the modified bitumen product at room tem- 
perature is over 3,000 pounds per square 
inch as compared with 2,000 -pounds per 
square inch for the asphaltic insulation 
described in the paper, and is, correspond- 
ingly higher at elevated temperatures. | ‘The 
exact significance of these facts or of similar 
tests on other insulations is a bit obscure, as 
no figures for the mechanical strength of any 
insulations are sufficient to indicate that 
this strength plays an appreciable’part in 
the thermal expansion of a coil or bar. In 
other words, moduli of insulation and copper 
are so far apart and the cross-sectional areas 
of the materials in high-voltage insulation 
sufficiently comparable, that the insulation 
necessarily is forced to conform with the 
movements of the copper. This raises a 
question on the interpretation of the data 
presented in Figures 9 and 10 of the paper. 
The model core setup shown in Figure 8 is 
108 inches long, and presumably this is the 
distance over which the movements shown 
in Figure 10 took place. The copper tem- 
peratures indicated in Figure 9 vary from 
46 degrees centigrade cold to 118 degrees 
centigrade hot, a rise of 72 degrees centi- 
grade. If this may be assumed to be repre- 
sentative of the average temperature rise of 
the copper relative to the steel, then if the 
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Figure 1. Power factor test data on the three phases of a modified bitumen 


insulated 75,000-kva 3,600-rpm 13,800-volt turbine generator 


All tests were made using an a-c bridge, one phase under test at a time, with the 
other two phases grounded, winding temperature 27 degrees centigrade 


winding were a solid copper bar, its total ex- 
pansion would be 


108 X72 X 0.0167 =130 mils 


However, other tests on solid and stranded 
sections usually indicate that a stranded 
section will expand less under similar condi- 
tions than the corresponding solid one, 
hence the temperature rise of this test leads 
to the expectation that the total expansion 
should be less than 130 mils. However, 
from Figure 10, the total expansion indi- 
cated for the asphalt bonded insulation, add- 
ing together both the front and rear move- 
ments, is approximately 210 mils. As a 
second point, if one assumes that the 
asphalt bonded bar really increased its 
length 210 mils, while the synthetic resin 
bonded bar had a total expansion of only 
approximately 45 mils, then crediting no 
strength to the asphalt insulation, the syn- 
thetic resin insulation must have had suffi- 
cient strength to prevent an expansion of 
210-45 = 165 mils, or an average of over 1.5 


mils per inch over the 108-inch length. 
From an examination of Figure 8, it appears 
that the test bars have a copper cross section 
of about 1.0 square inch and an insulation 
cross section of about 1.7 square inches. It 
would require a force of 24,000 pounds to 
compress a 1,0-square-inch section of copper 
ore inch long a distance of 1.5 mils, and if 
this force were restrained by the insulation, 
the stress in 1.7 square inches of insulation 
would be 14,100 pounds per square inch. 
However, since in Table I of the paper the 
tensile strength of Termalastic insulation is 
given as 2,800 pounds per square inch at 100 
degrees centigrade, it is obvious that it 
could not have taken this stress without 
failure. These two puzzling situations 
probably have some simple explanation. 
Perhaps the clamps which transmitted bar 
movement to the gauges were tipped at an 
angle, by bending of the ends of the bars 
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Figure 3. Test data on power factor versus temperature at 5- 
kv crest voltage on modified bitumen insulations, new and 


26 years old 


when warm, and this resulted in gauge read- 
ings containing other effects in addition to 
pure expansive movements of the bars. 

The authors discuss two electrical charac- 
teristics of the compared insulations, power 
factor and dielectric strength. Modified 
bitumen insulation differs from both of the 
insulations discussed in the paper in each of 
these characteristics. 

Power factor is not a very definite charac- 
teristic in determining the quality of an 
insulated winding. It is primarily a labora- 
tory tool to investigate the material dielec- 
tric loss characteristic; the state of cure of 
the resinous components of the system, and, 
by the shape of the curve obtained from 
carefully controlled tests, to determine the 
presence or absence of voids. Asa practical 
tool to weigh the merits of a finished product 
it possesses many weaknesses. In the first 
place insulation losses have little significance 
in the operation of a turbine generator. Ina 
large machine, as pointed out in an unpub- 
lished paper by F. Brown, Jr., A. D. Cog- 
geshall, A. Pletenik, and G. W. Young, 
entitled “The Development of Insulation 
Systems,” the size of these losses is entirely 
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insignificant with respect to both efficiency 
and heating. In a machine, since the slot 
wall is used as one electrode and the copper 
of the winding as the other, the over-all 
power factor measured is not only that of 
the insulation, but also that of its surround- 
ings. Consequently, conclusions drawn 
‘from such measurements must be subject to 
very careful interpretation. In this inter- 
pretation the age and past temperature-time 
history of the machine must be considered 
as well as its present state of freedom from 
moisture and its general cleanliness. Since 
such facts are seldom accurately known, 
analysis of tests is difficult. However, for 
what such information may be worth, test 
results on the power factor of a new large 
turbine-generator winding insulated with 
modified bitumen resin binders is presented 
in Figure 1 of this discussion. This may be 
‘compared with Figure 14 of the paper. The 
comparison will show higher power factors in 
the low-voltage range and lower power fac- 
tors in the high-voltage range for modified 
bitumen insulation versus either of the insu- 
lations discussed in the paper. 

Laboratory tests taken on new, and ona 
particular group of 26-year-old high-voltage 
modified bitumen insulated bars clamped in 
a slot to simulate their service conditions 
are shown in Figure 2 of this discussion. At 
both 25 degrees centigrade and 100 degrees 
centigrade the new bar characteristics differ 
substantially from the corresponding asphalt 
characteristics given in Figure 12 of the paper 
both in the magnitude of the readings and in 
the slopes of the power factor versus voltage 
curves. The characteristics of the 26-year- 
old bars, however, agree fairly well with 
those given by the authors. 

Another interesting comparison of the 
characteristics of these old and new bars is 
shown in Figure 3 of this discussion. The 
higher power factor of the older bars shows 
either the effects of age or, if that is neg- 
lected, perhaps of changes in materials and 
techniques which have taken place in the 
interim. The greater slope of the new bar 
characteristics at higher temperatures indi- 
cates the probability of some curing yet to 
come. Under normal conditions the power 
factor of such bars should decrease some- 
what with age and heating, then after a 
number of years, start a very gradual in- 
crease until, unless overheating is encoun- 
tered, it stabilizes somewhat below its pres- 
ent new values. 

The low power factors of thermalastic 
insulation as given in Figure 12 of the paper 
are to be expected from the resin character- 
istic given in the paper’s Figure 1. However, 
it is puzzling to co-ordinate the power fac- 
tors of the resins and the bars, as they differ 
particularly at the higher temperatures. 
The power factor of the resin at 125 degrees 
centigrade is in Figure 1 of the paper, about 
0.3 per cent, while the lowest power factor 
of the synthetic bonded insulation at this 
temperature is more than ten times as great. 
The same kind of divergence exists at other 
temperatures and also with the asphalt insu- 
lation. Tests made in General Electric 
Laboratories indicate a relatively close 
agreement between the power factors of the 
modified bitumen impregnating resins and 
the finished insulating systems under similar 
conditions of temperature and voltage. 
This seems to be a logical situation and it 
has been duplicated using otker resins and 
other compositions of insulations. A diver- 
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gence from this agreement, particularly 
having the finished insulating system with a 
power factor several times greater than that 
of the impregnants, inay indicate a condition 
of lack of cure of the resins, voids in the 
insulation, or some unknown condition. 

As the authors have pointed out, the di- 
electric strength and the voltage endurance 
of an insulation system are important cri- 
teria of its quality. Again, in both these 
respects, modified bitumen insulations differ 
from the authors’ data for the asphalt and 
synthetic resin systems. Figure 4 of this 
discussion shows test results on modified 
bitumen insulations on a similar plot to the 
data given in Figure 15 of the paper. The 
modified bitumen characteristic is not only 
somewhat higher than either of those given 
in the paper, but it also shows a distinct 
tendency to flatten out at the longer values 
of time. To substantiate somewhat this 
latter characteristic, data on a few high- 
potential breakdown tests on windings 18 to 
34 years of age, which have recently been 
tested, have been added to the endurance 
characteristic. 

These points are the 60-cycle-60-second 
withstand voltages, and are of interest in 
endurance principally as an indication of the 
relative withstand value on this test, on new 
insulations and on ones that that been 
aged. The great divergence between these 
values is associated with the operating his- 
tory of the various machines as evidenced 
by the physical state of the insulation when 
these tests were made. The highest point 
represents an insulation 19 years old, which 
still possesses, because of conservative oper- 
ation, about 80 per cent of its initial dielec- 
tric strength. The lowest point is from a 
machine 18 years old whose insulation was 
badly charred from heat. 

In a companion paper by Mr. Graham 
Lee Moses,! one of the authors of this paper, 
data are presented which are of interest in 
connection with this paper. These data 
concern tests on a batch of 50 specimens of 
13,800-volt insulated bars, presumably 
asphalt type, and presumably similar to 
those used for turbine-generator bars, since 
the data agree well with the endurance data 
of Figure 15 of this paper. Some similar 
data on 13,800-volt modified bitumen in- 
sulated bars are available and will further 
serve to illustrate the characteristics of this 
insulation. 


1. 1.5/40 microsecond 247-kv peak average 
impulse wave held 
o =21.2 
2. D-c rapid rise test to 291-ky maximum aver- 
breakdown age held 
o =21.2 
8. 1-Minute step-by- 80.5-kv rms average 
step a-c tests to break- held 
down o =4.21 
4. Samples stressed con- Hours to failure: 
tinuously at 57-kv a-c 3.0—4.25-4.5 


(rms) to failure 13.3 


When the above data are studied there may 
be some question about the consistency of 
items (1) and (2), since the impulse and d-c 
rapid rise values usually are closer together. 
Item 1 is based on more test data than item 
2, even though the latter data had a suffi- 
cient number of points to permit probability 
analysis. Perhaps the truth for item 2 may 
be found closer to item 1 when more data 
are available. Item 3 is based on a large 
amount of test data and there is no question 
as to its substantiation. In fact, if the 
annual records of tests for this type of infor- 
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mation over the past years are inspected, 
the value has shown a moderate but steady 
increase with time. 

In summary, it is believed that both the 
physical and electrical characteristics that 
an insulating system may possess are de- 
pendent, not only on the materials used to 
construct the system, but also upon the 
manufacturing methods and techniques used 
in its production. Thus there may exist a 
number of visually similar types of struc- 
tures that possess quite different character- 
istics. The strength or weakness of such 
systems is inseparable from these character- 
istics, and it is difficult, if not impossible, 
precisely to predict these characteristics 
based on the composition of the system. 
Experience alone tells the whole story. 
Work on new insulations is going on in 
many places and experience is accumulating. 
However, as the advantages of new systems 
must be weighed against the benchmarks of 
performance and experience available with 
the existing systems, their introduction re- 
quires very careful consideration. The au- 
thors are to be congratulated upon the an- 
nouncement of their realization of this goal. 
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Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Regarding this 
very interesting development of generator 
insulation, I have the following questions 
and points: Figures 9 and 10 of. the paper 
give movement in connection with the steep 
temperature rise that obtained during the 
first 45 minutes of the heating and cooling 
cycle for the coils in a laboratory section of 
a generator core. It would be of interest to 
learn what indications the authors have for 
such movement after the temperature be- 
comes more or less steady, as applies for a 
machine carrying a given heavy load for 
several hours in service. Some measure- 
ments made in the field on a somewhat simi- 
lar situation, that is, underground cables in 
ducts, indicate an increase in movement may 
occur with time after reaching a given tem- 
perature rise for the cable conductors above 
ambient. 

Figure 14 of the paper shows a smaller 
rise in power factor as the test voltage is in- 
creased for the resin-bonded insulation than 
for the asphalt-mica insulation. The rise 
for the former still seems to be about one 
per cent, however, between low voltage and 
operating voltage. Some ideas as to the 
physical significance of this increase and its 
effects in service would be of interest. 

The data in Figure 15 of the paper show 
a considerable advantage in unit dielectric 
strength for the new insulation as far as the 
tests have gone, and similar data for tests of 
longer duration would be of interest. Have 
any data on dielectric strength been ob- 
tained at elevated temperatures? Perhaps 
the advantage indicated to date in unit di- 
electric strength for the new insulation will 
be utilized in the design of generator insula- 
tion, especially for the higher voltage ma- 
chines and for machines of very large ca- 
pacity at a later date after more background 
in operating and test experience has been 
accumulated. Of course, reductions in in- 
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sulation thicknesses have the advantage of 
reducing the thermal drop across the insula- 
tion as well as permitting a small decrease 
in dimensions throughout the stator. 


C. M. Laffoon, C. F. Hill, Graham Lee 
Moses, and L. J. Berberich: The operating 
experience for high-voltage insulation on 
rotating machinery has been good but not 
perfect, as indicated by Mr. Kilbourne’s dis- 
cussion. Data which he presented apply to 
equipment made by all manufacturers. 
Recognizing that even a good record can be 
improyed, the authors’ efforts have been 
directed toward even greater reliability. 
The development of this new insulation 
covering as it did within a period of 10 
years, with four years in the pilot plant 
stage, has resulted in the accumulation of a 
great deal of test data. No attempt has 
been made to report all of these data. The 
data presented indicate some of the types of 
observations and are illustrative of the 
general characteristics of the insulation. 
The primary objective of the program has 
been to develop a composite coil structure in 


which the insulation expands and contracts 
elastically. This has been accomplished as 
has been clearly demonstrated by model 
tests and operation. 

Discussions of the relative merits of com- 
petitive insulations are welcomed, as this 
will contribute to a better general under- 
standing of insulation problems. The 
availability of such information will permit 
evaluation of competitive insulations on the 
basis of facts that can be discussed openly 
and frankly. 

One point raised in discussion concerned 
the mechanical forces and differential ex- 
pansion of the various structures. There is 
no simple answer, as the problem is very 
complicated because of the mechanical sys- 
tem which involves end winding structure as 
supports as well as the core, copper of the 
coil, and composite insulation. In connec- 
tion with the criticism raised, it should be 
noted that the data presented do not refer 
to total movement of the insulation, but 
relative surface movement of the insulation 
as observed with respect to the ends of the 
core. It is important to recognize that the 
surface of the new insulation does not follow 
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the cyclic movement of the copper com- 
pletely. This is attributed to the fact’ that 
the resin bonds between mica flakes and 
resin tape are established while the copper is. 
at an intermediate temperature (and 
length), 

Power factor data are presented as an 
interesting sidelight which indicates degree 
of cure of the resin and filling of the voids 
for a particular resin. Differences between 
Figures 1 and 18 of the paper are that the 
first curve is for a pure void-free resim at 
relatively low voltage where power factor is 
largely a question of ionic conductivity. In 
Figure 13 of the paper the composite insula- 
tion is measured at high voltage and there- 
fore power factor is determined by voids in 
the structure as well as ionic impurities in- 
troduced by the solid materials. 

As indicated in the paper the new insula- 
tion has considerable margins of quality 
with respect to physical and _ dielectric 
strengths, which may ultimately lead to re- 
duced wall thicknesses for a given operating 
voltage. However, this step lies ahead and 
is dependent upon further operating experi- 
ence, 
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Synchronous Machine Damping and 


Synchronizing Torques 


CHARLES CONCORDIA 


FELLOW AIEE 


HE object of this paper is to present 

the results of some calculations of the 
damping and synchronizing torque co- 
efficients of synchronous machines over a 
range of system parameters. The torques 
were calculated by the formulas given by 
R. H. Park in an AIEE paper! published 
in 1933, and the calculations were them- 
selves made some time ago. It is, how- 
ever, considered worth while to publish 
them at this late date because of a con- 
tinued interest in damping and synchro- 
nizing torques®*4 and also in order to 
demonstrate that the more exact equation 
given by Park is practically as simple 
and convenient to use as any of the num- 
erous approximations that have been pro- 
posed from time to time. 

The general case considered is a ma- 
chine tied to an infinite bus through an im- 
pedance and oscillating (hunting) with 
fixed excitation about its operating angle. 
The effects of various values of resistance 
and reactance in the tie line, of various 
types of rotor circuits, and of load and 
field excitation are shown. 

The equations given by Park in ref- 
erence 1 form a simple and convenient 
means of calculating the components of 
hunting torque with fixed excitation. 

For a machine operating at no load 
and unit excitation: 


1. For an external reactance greater than 
about 0.4 per unit, the damping torque 
coefficient is not affected greatly by arma- 
ture circuit resistances less than 0.2 per 
unit. 


Paper 51-122, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Winter General Meeting, New York, 
N. Y., January 22-26, 1951. Manuscript sub- 
mitted October 23, 1950; made available for print- 
ing December 8, 1950. 


Cuartes Concorpra is with the General Elec- 
tric Company, Schenectady, N. Y. 
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2. The synchronizing torque coefficient is 
not significantly affected by armature cir- 
cuit resistance r in the range r < 0.2, but is 
decreased somewhat for y=0.4 per unit. 


3. For any fixed value of armature circuit 
resistance and for a machine with an amor- 
tisseur, the damping torque coefficient 
never decreases (and usually increases) 
with decreasing external line reactance in 
the range of system parameters studied. 


4. Practically all of the positive damping 
torque is produced by the quadrature-axis 
amortisseur circuits. 


For a machine with an amortisseur 
equivalent to either of those treated in 
this paper, the damping torque remains 
positive for any of the values of armature 
circuit resistance considered and inde- 
pendent of load angle. 

For a machine with an amortisseur, the 
concept that stability (as far as hunting 
is concerned) improves with load is not a 
valid one, as to the contrary the damping 
torque is in general smaller under load 
than at no load, except at extremely 
small hunting frequencies. 

With the combination of extremely 
high field excitation and armature circuit 
resistance, and low bus voltage, it seems 
possible for the damping torque to be- 
come negative even with an effective 
amortisseur. 

For a machine with an amortisseur, 
there is a considerable variation of syn- 
chronizing torque coefficient with hunting 
frequency in the range studied. 


Machine Characteristics 


The machines chosen for study had the 
following characteristics. (All quantities 
are expressed in per-unit on the machine 
base.) 


xq=direct-axis synchronous reactance or 
inductance = 1.10 


Nasa =Xala=Xpia=common mutual induct- 
ance between direct-axis armature 
winding, field, and amortisseur (if 
present ) =0.90 

xsra=field self inductance =1.12 

xuq=direct-axis amortisseur self inductance 
(if present) =1.05 

xq’ =transient reactance =0.377 

xq" =direct-axis subtransient 
(with amortisseur) =0.281 

rra=field resistance =0.0005 
riqa=direct-axis amortisseur 
present) =0.02 

%q=quadrature-axis synchronous reactance 
=0.74 

Xaiqg=mutual inductance between quadra- 
ture-axis armature winding and 
amortisseur (if present) =0.54 

Xuq=quadrature-axis amortisseur self in- 
ductance 

=0.84 for amortisseur number 1 
=0.69 for amortisseur number 2 
xq” =quadrature-axis substansient 
ance (with amortisseur ) 
=0.393 for amortisseur number 1 
=(.317 for amortisseur number 2 

’iq=quadrature-axis amortisseur resistance 

(if present) 
=0.04 for amortisseur number 1 
=().02 for amortisseur number 2 


reactance 


resistance (if 


react- 


These machine constants might be met 
in a large salient-pole generator. For 
small machines the per-unit field resist- 
ance might be as much as ten times, and 
the amortisseur resistances two or three 
times, the values shown here. 


Hunting at No Load 


For the case of a machine operating 
at no load (6,=0) and with equal excita- 
tions on both machine and bus, and os- 
cillating with per-unit frequency s about 
its operating angle 6,, equation 2 of ref- 
erence 1 may be reduced to 


1 ; Hetst 
poseis) +i 7st 


v2 


ri) 
: . St 
(@ =s?)3 [satis | 


where T is the complex torque coefficient, 
so that 


AT=T Ab=(Ts+jsTa) 46 (2) 
where 


AT =oscillatory component of torque 
Aé=oscillator component of rotor angle 
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Figure 1 (left). Damping torque 
coefficient of a synchronous machine 
as a function of hunting frequency— 
for various line resistances and rotor 


circuits 
No load (6=0) 
Excitation voltage E=1.0 
Bus voltage e=1.0 


Line reactance x-=O 


Figure 4 (right). Damping torque co- 

efficient of a synchronous machine as 

a function of line reactance x,-—for 
various line resistances 


No load (6=0) 

Excitation voltage E=1.0 
Bus voltage e= 11.0 
Hunting frequency s=0.03 


Amortisseur number 2 


Figure 2 (left). Damping torque co- 
efficient of a synchronous machine as 
a function of hunting frequency— 
for various line resistances and rotor 


circuits 
No load (6 =0) 
Excitation voltage E=1.0 
Bus voltage ea 10 


Line reactance x,=0.4 


Figure 5 (right). Damping torque co- 

efficient of a synchronous machine as 

a function of line reactance x,— 
for various line resistances 


No load (6 =0) 

Excitation voltage E=1.0 
Bus voltage e=1.0 
Hunting frequency s=0.03 


Amortisseur number 1 


Figure 3 (left). Damping torque co- 
efficient of a synchronous machine as 
a function of hunting frequency— 
for various line resistances and rotor 


circuits 
No load (6 =0) 
Excitation voltage E=1.0 
Bus voltage e=1.0 


Line reactance x,=1.0 


Figure 6 (right). Damping torque co- 

efficient of a synchronous machine 

as a function of line reactance x,— 
for various line resistances 


No load (5 =0) 
Excitation voltage 
Bus voltage 
Hunting frequency 
No amortisseur 


DAMPING TORQUE COEFFICIENT 


as 
Ey, 


DAMPING TORQUE COEFFICIENT 


DAMPING TORQUE COEFFICIENT 


25 


20 


0.2 0.4 
PER UNIT LINE REACTANCE - Xe 


PER UNIT LINE REACTANCE - Xe 


AIEE TRANSACTIONS 


ee 


— ee 


SYNCHRONIZING TORQUE COEFFICIENT 


SYNCHRONIZING TORQUE COEFFICIENT 


SYNCHRONIZING TORQUE COEFFICIENT - Tg 


0.02 


0.04 0.06 


0.08 


PER UNIT OSCILLATION FREQUENCY - S 


1951, VoLuME 70 


0.10 


0.06 
OSCILLATION FREQUENCY 


0.04 


Figure 7 (left). Synchronizing torque 
coefficient of a synchronous machine 
as a function of hunting frequency— 
for various line resistances and rotor 


circuits 
No load (6 =0) 
Excitation voltage E=1.0 
Bus voltage e=1.0 
Line reactance =O 


Figure 10 (right). Synchronizing 
torque coefficient of a synchronous 
machine as a function of line react- 
ance x.—for various line resistances 


No load (6 =0) 
Excitation voltage E=1.0 
Bus voltage e—120 


Hunting frequency s=0.03 
Amortisseur number 2 


Figure 8 (left). Synchronizing torque 
coefficient of a synchronous machine 
as a function of hunting frequency— 
for various line resistances and rotor 


circuits 
No load (6=0) 
Excitation voltage E=1.0 
Bus voltage e=1.0 
Line reactance a Oe: 


Figure 11 (right). Synchronizing 
torque coefficient of a synchronous 


machine as a function of line re- 
actance x,—for various line resist- 
ances 
No load (6=0) 
Excitation voltage E=1.0 
Bus voltage e=1.0 


Hunting frequency s=0.03 
Amortisseur number 1 


Figure 9 (left). Synchronizing torque 
coefficient of a synchronous machine 


_as a function of hunting frequency— 


for various line resistances and rotor 
circuits 


No load (6=0) 
Excitation voltage 
Bus voltage 

Line reactance = 


SYNCHRONIZING TORQUE COEFFICIENT 


SYNCHRONIZING TORQUE COEFFICIENT 
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° 0.2 0.4 0.6 0.8 1.0 


Ts=synchronizing torque coefficient 

Tq=damping torque coefficient 

y=total armature circuit resistance includ- 
ing the tie-line resistance xq(js) and 
xq(js) are the operational imped- 
ances®'® of the synchronous machine 
at the hunting frequency s and 
including the reactance x, of the tie 
line 

If the line resistance 7 is not very large, 

equation 1 shows directly that the prin- 

cipal positive damping arises from the 

quadrature-axis amortisseur circuit, the 

direct-axis circuit having very little ef- 

fect, and that the line resistance produces 
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SYNCHRONIZING TORQUE COEFFICIENT 


° 0.2 0.4 0.6 0.8 


50 


DAMPING TORQUE COEFFICIENT 


te} 0.02 0.04 0.06 0.08 


negative damping. This isin accord with 
experience. 

Calculations of damping and syn- 
chronizing torques have been made for tie 
line reactances x, from 0 to 1.0, tie line 
resistances 7 from 0 to 0.4, and hunting 
frequencies s of 0.005 to 0.1. The damp- 
ing torque coefficients are shown in 
Figures 1 to 6; the corresponding syn- 
chronizing torque coefficients are shown 
in Figures 7 to 12. In Figures 1 to 3 and 
7 to 9, the torque coefficients are plotted 
against hunting frequency for various 
kinds of amortisseur and values of arma- 
ture circuit resistance, while in Figures 
4 to 6 and 10 to 12 they are plotted 
against the tie line reactance for a hunt- 
ing frequency of s=0.03. 

It is evident that either type of amortis- 
seur considered here is sufficient to pro- 
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0.10 Figure 15 (right). 


| OSCILLATION FREQUENCY | 


Figure 12 (left). Synchronizing 

torque coefficient of a synchronous 

machine as a function of line reactance 
x,—for various line resistances 


No load (5 =0) 

Excitation voltage E=1.0 
Bus voltage e=1.0 
Hunting frequency s=0.03 


No amortisseur 


Figure 14 (right). Damping torque 

coefficient of a synchronous machine 

as a function of line reactance x,— 
for various line resistances 


Full load, unity power factor 
Terminal voltage =1'.0 
Hunting frequency s=0,03 
Amortisseur number 2 


DAMPING TORQUE COEFFICIENT (Tp) 


Curve r Case 
A (0) M and G 
B O28 M 
S 0.2 G 
D 0.4 M 
E 0.4 G 


Figure 13 (left). Damping torque co- 

efficient of a synchronous machine 

as a function of hunting frequency— 

for various line resistances and rotor 
circuits 


Full load, unity power factor 


Terminal voltage =1.0 e 
Line reactance X,=0 : 

z 

Curve r  Amortisseur Case 3 
_ > —— —— = u 

A 0 None M and G 6 
B 0.2 None M 8 
eS 0.2 None G a 
D 0 #1 M and G = 
E 0.2 #1 M 4 
F 0.2 Al G 2 
G (0) #2 M and G e 
H 0.2 #2 M 2 

| 0.2 #2 G $ 
—-——— - ~ = 

Note: M= Motor S 


G= Generator 


Damping torque 

coefficient of a synchronous machine 

as a function of line reactance x,— 
for various line resistances 


Full load, unity power factor 
Terminal voltage = 1.0 
Hunting frequency s=0.03 
Amortisseur number 1 


Curve r Case 
A (e) M and G 
B 0.2 M 
iS 0.2 G 
D 0.4 M 
E 0.4 G 


duce a net positive damping. Figure 4 
shows, for example, that at a line react- 
ance of x,=0.2, a very high line resistance 
of r=0.4 reduces the damping torque 
only to slightly less than half of its value 
atv=0. This is a very extreme case that 
would not be expected to arise very often, 
if at all. 


It is further evident that it is the mag- 


° 0.2 0.4 0.6 0.8 1,0 


LINE REACTANCE (Xe) 


nitude of the armature resistance, rather 
than the ratio of resistance to reactance, 
that is the’ important factor in the prac- 
tical case of a machine with an amortis- 
seur, even though the ratio has been 
shown’? to be significant in the case of a 
machine with no amortisseur. This is 
shown by the fact that for a given value of 
armature resistance the damping torque 
coefficient practically always increases 
with decreasing armature reactance, 
whereas the ratio of r/s is, of course, be- 
coming greater, 

It is of interest also from Figures 7 to 9 
that for the machine with either type of 
amortisseur the synchronizing torque 
varies considerably with frequency in the 
range s=0 to s=0.1 considered, 
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Figure 16 (left). Damping torque co- 

efficient of a synchronous machine as 

a function of line reactance x,— 
for various line resistances 


Full load, unity power factor 
Terminal voltage =1.0 
Hunting frequency s=0.03 
No amortisseur 


Curve in Case 
A (0) M and G 
B 0.2 M 
(e 0.2 G 
D 0.4 M 
je 0.4 G 


Note: M= Motor 
G= Generator 


Figure 17 (left). Synchronizing 

torque coefficient of a synchronous 

machine as a function of hunting fre- 

quency—for various line resistances 
and rotor circuits 


Full load, unity power factor 
Terminal voltage =‘1.0 
Line reactance x, =0 


Curve r  Amortisseur Case 
A 0.0 None M and G 
B 0.2 None M 
Cc 0.2 None G 
D 0.0 #1 M and G 
E 0.2 #1 M 
F 0.2 #1 G 
G 0.0 #2 M and G 
H 0.2 #2 M 
| 0.2 #2 G 


Figure 18 (left). Synchronizing 
torque coefficient of a synchronous 
machine as a function of line react- 
ance x,—for various line resistances 


Full load, unity power factor 
Terminal voltage =1.0 

Hunting frequency s=0.03 
Amortisseur number 2 


Hunting at Full Load 


In order to show to some extent the 
effect of load angle, equation 2 of refer- 
ence 1 has been applied directly to the 
calculation of the damping and synchro- 
nizing torque coefficients at full load for 
the same cases as were previously con- 
sidered at no load. Figures 13 to 20 show 
the results of some of these calculations. 
In Figures 13 and 17 the torque coefficients 
are plotted against hunting frequency for 
zero external reactance only, while in 
Figures 14 to 16 and 18 to 20 they are 
plotted against external reactance for a 
fixed hunting frequency of s=0.08. For 
convenience, the equation used is re- 
peated here, in a form adapted to hunting 
calculations. 


T=T (js) = \ Wao ttdoxg(js)] X 
[(e sin do +7sVao)8a(js) + 
(@ cos do+jso)xaVjs) ] (3) 
+ [Yao+tooxa(js)] [(e cos 59+ jshaa)0( js) — 
(e sin do+-ysPao)x¢(Js) iF + D(js) 


where 
D( js =a (js ag (Js + xa (Js )xq( Gs) (4) 


s=hunting frequency 

é=voltage at infinite bus 

Wao and Wg are the armature circuit flux 
linkages including the linkages of 
the tie line reactance 

a(js) =r-+-jsx(js) 

The machine has been taken as oper- 
ating at full load (armature current = 1.0) 
both as a motor and as a generator with 
unity power factor and unit voltage at its 
terminals. All of the armature circuit 
resistance has been assumed to be in the 
tie line rather than in the machine, as the 
armature resistance of the machine arma- 
ture winding itself is usually very small. 
Thus the infinite-bus voltage will vary 
with the tie line resistance and reactance, 
as well as with change from operation as a 
generator to operation as a motor. 

Comparing Figure 13 with Figure 1 
shows that over most of the range of 
hunting frequencies considered the damp- 
ing under load is somewhat smaller than 
at no load, but that at very low frequen- 
cies the damping becomes very large. 
This large damping at very low fre- 
quencies is produced by the field winding 
resistance, which is very small compared 
to that of the amortisseur. The most 
striking effect is that under load positive 
damping is obtainable at low hunting 
frequencies without an amortisseur. It 
can also be seen that the effect of armature 
resistance is greater under load than at 


Curve r Case no load, 
rR 0 Mand G Figures 14 and 15 confirm the conclu- 
2 Se ns sion that the effect of armature resistance 
D 0.4 M is greater under load than at no load. 
4 aa LINE Feeseraconsinci E oe s Figure 16 shows that at full load (and 
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Figure 19 (left). Synchronizing 
torque coefficient of a synchronous 
machine as a function of line react- 
ance x,—for various line resistances 


Full load, unity power factor 
Terminal voltage =| (0) 
Hunting frequency s=0.03 
Amortisseur number 1 


Curve ie Case 
A (6) M and G 
B 0.2 M 
Ce 0.2 G 
D 0.4 M 
E 0.4 G 


Note: M= Motor 
G=Generator 


Figure 20 (left). Synchronizing 
torque coefficient of a synchronous 
machine as a function of line react- 
ance x.—for various line resistances 


Full load, unity power factor 
Terminal voltage =) 
Hunting frequency s=0.03 
No amortisseur 


Curve r Case 
A (0) M and G 
B 0.2 M 
e 0.2 G 
D 0.4 M 
E 0.4 G 


Figure 21 (left). Damping torque 

coefficient of a synchronous machine 

as a function of field excitation—for 
various line resistances 


No load on machine 

Terminal voltage =O) 
Hunting frequency 
Amortisseur number 2 


Tie line reactance Xe=One 
E—e, 
Armature current ig= 
Xd 
E—1 
al 


Figure 22 (right). Synchronizing 
torque coefficient of a synchronous 
machine as a function of field ex- 
citation—for various line resistances 


No load on machine 
Terminal voltage =i 
Hunting frequency s=0.03 
Amortisseur number 2 

Tie line reactance  xe=0.2 


Armature current iqg=— 


“ 
for a hunting frequency of 0.03) the 
damping remains positive without an 
amortisseur even for a line resistance as 
high as 0.4. 

Finally, Figure 17 confirms the con- 
clusion that, for a machine with an amor- 
tisseur, the synchronizing torque varies 
considerably with hunting frequency. 


re 


Effect of High Field Excitation 


Figures 21 and 22 show the effect of 
changing the field excitation with various 
armature circuit resistances. The ma- 
chine has been assumed to be at no load 
(for example operating as a condenser) 
with the terminal voltage maintained at 
unity as the excitation is varied. The tie 
line reactance is x,=0.2 and the resistance 
has been taken as =O, 0.1, and 0.2 Thus 
the infinite bus voltage decreases as the 
machine excitation increases. 

It is evident from Figure 21, or indeed 
from the equation for torque itself, that 
without armature resistance the damping 
torque is simply proportional to the 
square of the infinite-bus voltage. How- 
ever, with armature resistance the reduc- 
tion in torque from the zero-resistance 
case does not increase with field excita- 
tion as fast as even the first power of 
field excitation. The reduction is ap- 
proximately proportional to the average 
of the machine and bus voltages. It may 


SYNCHRONIZING TORQUE COEFFICIENT - Ts 


MACHINE FIELD EXCITATION - E 
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be recalled® that without rotor resistances 
the damping is proportional to the prod- 
uct of the machine excitation voltage and 
the average of the machine and bus volt- 
ages. 

With the system parameters used in 
this study, it is only with extremely large 
“values of excitation, corresponding to an 
armatiire current of almost 2 per unit, 
that it seems possible to reduce the damp- 
ing to zero. 

Finally it may be of interest to record 
the reduced form of equation 3 for the 
case of zero armature resistance and no 
load. In this case equation 3 becomes 


le-iaoxe(js) Jee? 


ee x(7) 


= hae 5 
aun” (S) 


Effect of Higher Rotor Resistances 


It should be emphasized that the mag- 
nitudes of the torque coefficients shown in 
this paper apply only to the synchronous 
machine specified in the table of machine 
characteristics, As this machine has 
rather low rotor resistance, it is of in- 
terest to consider what would be the na- 
ture of the curves for a machine having 
higher rotor resistances. This may be 
estimated without further calculation by 
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noting first that the operational im- 
pedances xu(js) and x,(js) are functions of 
the ratio of rotor resistance to hunting 
frequency so that, if for example all of the 
rotor resistances are doubled and the 
hunting frequency is also doubled, the 
operational impedances will remain un- 
changed. Moreover, if in addition the 
armature circuit resistance is very small, 
it is evident from equations | or 3 that the 
torque coefficient, T(js) = T,--jsTy, is also 
practically unchanged. Thus the curves 
of 7, and Ty versus hunting frequency 
for the cases of small stator resistance will 
still be valid if the scale of hunting fre- 
quency is doubled, so that the abscissa 
runs from s=0 to 0.2 instead of from 
s=0 to 0.1, and if in addition the scale of 
Ty is halved so that in Figure 1, for ex- 
ample, the ordinate runs from —2.5 to 
+15 instead of from —5 to +30. These 
higher values of rotor resistance will in 
general be more nearly correct for the 
smaller machines, so that for these smaller 
machines the variation of damping and 
synchronizing torque coefficients will not, 
in general, be as great for a given range of 
hunting frequency in cycles per second, as 
for a machine having low rotor resist- 
ances. 

In regard to the effect of variations in 


reactance, it is evident from the equation 
that, if all of the reactances and resist- 
ances are varied in proportion, the torque 
coefficients will simply vary in inverse 
proportion, 
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Factors Affecting Minimum Surface 


Leakage Distances in D-C Power 


Systems 


J. E. HART 


ASSOCIATE AIEE 


HE DESIRABILITY of providing 

more compact installations of elec- 
trical power equipment requires that 
studies be made of the dielectrics used to 
determine their properties and limitations. 
One important phase of this broad prob- 
lem is the establishment of minimum safe 
leakage* distances for d-c power systems. 


The present standards and knowledge 
of minimum leakage distances are inade- 
quate. 


The information that is now available 
does not recognize the full effect of en- 
vironmental conditions nor does it rep- 
resent the limitations of the insulating 
materials. In an effort to establish re- 
liable values for leakage distances, the 
factors which effect them must be deter- 
mined and evaluated. A knowledge of 
these factors will lead to the establish- 
ment of minimum safe leakage distances 
which is mandatory if complete freedom 
from insulation breakdown is to be ob- 
tained in a compact design. 


Surface Leakage Current 


An important factor in establishing the 
leakage distance for insulation is the 
magnitude and effect of surface leakage 
currents. The magnitude of these cur- 
rents depends upon the characteristics of 
the surface, surface contamination, and 
the voltage gradient. Since the power 
loss due to the flow of the leakage cur- 
rents is inconsequential in power systems 
concern need be given only to the damage 


* Leakage distance is defined as the shortest path 
on the surface of an insulating material over which 
leakage currents may flow. 
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that these currents may do to surface of 
the insulation. 

It is quite well known that the applica- 
tion of voltage of sufficient magnitude can 
cause a surface breakdown of the insula- 
tion. The carbonization or other damage 
to the insulation resulting from this 
breakdown voltage is caused by the sur- 
face leakage currents. Contaminating 
the surface of the material with a con- 
ducting electrolyte will reduce the mag- 
nitude of voltage required to produce 
breakdown as illustrated by Figure 1. 

The leakage current that flows across 
the insulation due to voltages of the order 
of breakdown voltage or higher, how- 
ever, does not represent the minimum 
current required to damage the insula- 
tion. Assuming all other conditions con- 
stant, as the voltage gradient is reduced, 
the corresponding leakage current and re- 
sulting surface damage is reduced. In 
place of the deeply burned groove in the 
insulation, smaller charred islands or 
carbon tracks are formed. For any given 
material and environment the minimum 
voltage that will cause damaging leakage 
currents to flow is termed tracking volt- 
age. The comparative magnitudes of 
this voltage and breakdown voltage are 
shown in Figure 1. 

Although those voltages which are 
equal to or greater than tracking voltage 
but less than breakdown voltage cause 
only partial damage to insulation, the 
damage becomes cumulative, Repeated 
applications of the same voltage will 
cause ultimate failure; the higher the 
voltage is above tracking voltage, the 
fewer the number of applications required. 
This is illustrated in Figure 2, This curve 
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was obtained by using the techniques 
and procedure outlined in the appendix, 
except that the contaminant was re-es- 
tablished after each application of the 
voltage. The normal tracking voltage 
for the material and conditions was 400 
volts. The progression of damage re- 
sulting from repeated applications of a 
voltage above tracking voltage is shown 
in Figure 3. 

It is important to note that the curve of 
Figure 2 represents the upper limit of 
failures. Certain uncontrollable factors 
such as the imperfection of the surface 
of the insulation can reduce this curve. A 
small scratch on the material was found 
to cause it to fail with two applications of 
a voltage 175 per cent of tracking volt- 
age. 

Before considering further the im- 
portance of this tracking voltage a brief 
discussion of the phenomena will be 
given. This may help to clarify the na- 
ture of results obtained showing the effect 
of environmental conditions, types and 
quantity of surface contamination, and 
type of insulating material. 

When an insulating material between 
two electrodes has a continuous film of 
electrolyte on its surface and a voltage 
less than the tracking voltage is im- 
pressed, the resulting leakage current will 
have a magnitude proportional to the 
conductivity of the electrolytic film. 
However, the flow of current in this film 
will act to decrease the film area due to 
vaporization of the liquid by the Joule 
heat. Since the film is never of uniform 
thickness, this heating will cause random 
breaks in the continuity of the film and 
eventually its complete rupture. Figure 
4A shows a typical current versus time 
curve for these conditions. The current 
rises abruptly to a peak when the voltage 
is applied and then decreases as the sur- 
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Figure 1. 
tracking voltage 


Material: 
Electrode spacing: 
Surface moisture: 


0.5 inch 
45 mg/in.? 


face moisture begins to vaporize. As the 
film thickness decreases, breaks occur in 
the film surface. The current thereby 
decreases further until it finally ap- 
proaches a negligible quiescent value. 
However, at the time of separation of the 
film small ares may form on the surface 
of the insulation. If the energy in these 
arcs is low, as in the case of this example, 
no damaging tracks occur on the insula- 
tion. If a greater amount of contamina- 
tion were employed, the severity of arcing 
would increase and the insulation would 
be damaged. Figure 4B is a representa- 
tive oscillogram of the leakage current for 
this condition. (The irregularities in this 
current curve indicate arcing.) In this 
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Figure 2. Insulation breakdown resulting from 
accumulated damage 


Material: laminated glass phenolic 

Electrode spacing: 0.5 inch 

Surface moisture: 45 mg/in.? 

Surface contaminant: 0.2 mg/in., NaxSO. 
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Effect of surface contamination on breakdown voltage and 


laminated glass phenolic 


Figure 3. 


Accumulative damage to insulation resulting from applica- 
tion of a voltage 275 per cent of tracking voltage 


Material: laminated glass silicone 


Electrode spacing: 0.5 inch 


Surface moisture: 45 mg/in.? 
Normal tracking voltage: 510 Volts 


case the are resisting ability of the insula- 
tion is exceeded and the insulation sur- 
face is damaged. Figure 4C is for iden- 
tical conditions as 4B except that a ma- 
terial with a higher arc resisting ability 
was employed and no damage resulted. 
Thus it is seen that the tracking voltage 
is related to the arc resisting property of 
the insulating material. 

The above analysis of the effects of 
leakage currents on insulation and the 
relationships to environmental conditions 
indicates the following: 


1. The minimum safe leakage distance is 
determined by the absence of damage to the 
insulation by leakage currents. 


2. The magnitude of leakage currents is 
dependent upon the spacing of conductors on 
the insulation, that is, the leakage path, the 
voltage gradient, and the amount and nature 
of contamination. 


Surface Contamination 


The dependency of minimum leakage 
distances on surface contamination em- 
phasizes the need of specifying these dis- 
tances on the basis of the maximum 
amount of contamination found where 
the equipment is to be used. An analysis 
of the contaminants found on electrical 
panels which had been in service in marine 
applications provides such a basis for this 
paper. The results of these analyses are 
utilized as a range of concentrations of 
sodium sulfate. The leakage distances 
presented may therefore be extended to 
any application where the soluble con- 
taminants can be represented as equiv- 
alent amounts of sodium sulfate. The 
relative effect of carbon or other insoluble 
contaminants on leakage distances will be 
indicated below. 

An additional factor to consider is that 
of surface moisture. Under conditions 
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of high humidity it was found that mois- 
ture condensed on the insulating panels. 
The combination of this moisture and the 
soluble contaminants provides the con- 
ditions most conducive to the production 
of damaging leakage currents. 

Using the data from the chemical anal- 
ysis and the techniques for measuring 
tracking voltage described in the ap- 
pendix, studies were made to determine 
the minimum leakage distances for varia- 
tions in parameters of contaminants, 
ambient conditions, and insulating ma- 
terial. 


Minimum Leakage Distance 


The variation in tracking voltage as a 
function of the number of milligrams per 
square inch of sodium sulfate for a lami- 
nated glass melamine insulation is pre- 
sented in Figure 5. It can be seen that 
the tracking voltage for this material ap- 
proaches a constant value as the con- 
centration of contaminant is increased 
above 0.1 milligram per square inch. 

The effect of the carbon which was 
found in the chemical analyses of the 
shipboard panels also is shown in Figure 
5. A quantity of 0.5 milligram per square 
inch, which is greater than the maximum 


Table |. Effect of Electrode 
Configuration on Insulation Breakdown 


Number of 
Applications of 
1,100 Volts to 


Configuration Tracking Cause Breakdown 
of Electrodes Voltage (Average of 3) 
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Table Il, Minimum Permissible Leakage Distances in Inches for Various Values of Contamina- 
tion and Voltage 


1,000 Volts 
Contaminant in 
Mg/in.of Na SO. 0.3 0.2 OL 0,05 


Materials: 

Luminated 

Glass Silicone... 0... Rey OO ated ONIN e inn 
Laminated 

Glass Melamine,.... Waa ce Hawkee? we (Over asnd 
Laminated 

Glass Phenolic, ..... % cee Baas ™ 2,0 
Asbestos Phenolic,,., "6... * 4... ™ 2.0 
Cotton Phenolie,.... % 1.0 ™ 4 ™ Ls 
Silicone Rubber, ....1.5,,.0.0,,..0,25... %™ 
Hard Rubber 

Selected Type... ...s Bs Fi Eee uae 


* Greater than 2 inches, 
** Less than 0.26 inch, 


amount of the analyses, was added to the 
sodium sulfate solution, Tt will be noted 
that this had no measurable effeet on the 
value of tracking voltage. 

The effeet of variations in the amount 
of surface moisture for a constant weight 
of sodium sulfate per square ineh and 
several electrode spacings is indicated in 
Figure 6, The important consideration 1s 
that the tracking voltage has a minimum 
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in series with the damage producing ares 
is increased, However, this resistance is 
small compared to the resistance of the 
gaps, and therefore the increased leakage 
distance has only a small effect on the 
tracking voltage, 

It is also evident from Figure 7 that for 
realizable shipboard contaminants there 
exist definite upper limits of voltage if the 
specified leakage distances are to be held 


to a reasonable maximum value, The 
value of these limiting voltages depends, 
howeverysom the type of insulation ma- 
terial employed, By employing materials 
with characteristics which are improved 
over those of existing insulation, redue- 
tions of the minimum leakage distance 
will be possible, A few test points ob- 
tained from a sample of laminated glass- 
teflon illustrates this, A comparison of 
these results with those for glass mela- 
mine, Figure 8, reveals not only the 
quality of this material, but, of greater 
importance, the desirability of recognizing 
the minimum permissible leakage distance 
for each insulating material, The use of 
superior insulating materials, thereby, 
perinits the reduction in size and weight of 
electrical installations, 

Variation of the ambient condition of 
temperature and relative humidity was 


range for condensed moisture from ap- 
proximately 200 to 


40 inilligrams per 
The amount of moisture 
which may be condensed on a panel under 


square inch, 


Transient 


Figure 4. leakage current 


(A). Material: laminated glass phenolic adverse conditions is also in this range, 

Electrode spacing: 0.5 inch 

Surface moisture: 45 mg/in.? 

Surface contaminant: 0.02 mg/in.? 
NaySO, 

Applied voltage: 500 Volts 


In view of this fact all basic tracking 
voltage tests were performed with a 
comparable moisture density, 

A family of curves showing the varia- 
tion of tracking voltage with electrode 
spacings for several values of contaminant 
is presented in Figure 7, 
proportional 


(B). Material: laminated glass phenolic 
Electrode spacing: 0.5 inch 
Surface moisture: 45 mg/in.? 
Surface contaminant: 0.15 mg/in.? 
NasSO, 
Applied voltage: 500 Volts 


The lack of any 
relationship between the 
minimum leakage distance and the volt- 
age is evident, Since the insulation is 
damaged by the ares that form when the 
moisture film ruptures, it is the voltage 
gradient at the break in the film that is 
paramount in the production of damage, 
As the spacing betweet electrodes is ins 
creased the resistance of the surface film 


(C). Material: laminated glass melamine 
Electrode spacing: 0.5 inch 
Surface moisture: 45 mg/in.? 
Surface contaminant: 0.15 

NaSO, 
Applied voltage: 500 Volts 


mg/in.® 


Figure 6 (below), Effect of surface moisture on tracking voltage 
Material: laminated glass melamine 
Surface contaminant: 0.1 mg/in.® NaSQ, 
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LEAKAGE DISTANCE (INCHES) 


found to produce no measurable effect on 
tracking voltage. The lack of any de- 
pendence is not surprising in view of the 
fact that tracking voltage is dependent to 
a large measure on the arc resistance of 
the material, conductivity of the elec- 
trolyte and the moisture, none of which 
will be materially changed by the am- 
bient temperature or humidity. 

Machining the surface of the insulation 
that is exposed to the leakage currents, on 
the other hand, had an influence on the 
minimum permissible leakage distance. 
Figure 9 shows the results for laminated 
glass melamine. It was noted also that 
machining or otherwise altering the sur- 
face of the glass-teflon reduced the per- 
missible voltage level shown on Figure 8 
to approximately the same value as shown 
for glass-melamine. In general, machin- 
ing of the glass laminated structures in- 
creased the minimum leakage distance. 
This evidently results from the presence 
of the exposed fibers of glass that either 
(1) are more susceptible to the arc than 
to the basic insulation, or (2) change the 
voltage gradient. 

In addition to studying the effects of 
contaminant and environmental condition 
on tracking voltage, an investigation 
was made of the influence of electrode 
configuration. The arrangements used 
were two bus bars, one bus bar and a 
3/8-inch stud, and two 3/8-inch studs. It 
was found that the tracking voltage was 
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Figure 8. Comparison of tracking voltage for 
two materials 


Surface moisture: 45 mg/in.? 
Surface contaminant: 0.36 mg/in.2 NaSO, 
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Material: 
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Figure 9 (above). Tracking voltage as related to electrode 


spacing 


machined laminated glass melamine 


Surface moisture: 45 mg/in.? 


not affected by the geometry of the elec- 
trodes, for those considered, but the 
number of applications of a selected 
voltage above tracking voltage to cause 
breakdown differed considerably for the 
several conditions. 
results. 


Table I shows these 


Summary 


A summary of the minimum leakage 
distances for the several insulating ma- 
terials investigated is presented in Table 
Il. These data were obtained for direct 
current applications using the measuring 
techniques described in the appendix. 

The determination of safe minimum 
leakage distances for power installations 
is dependent upon the following con- 
siderations: 

1. The minimum safe distance is dependent 
upon the leakage current across the surface 
of the insulation. The voltage associated 
with the minimum safe current, namely 
tracking voltage, serves as a criterion for 
establishing this minimum distance. Ex- 
ceeding this criterion either by increased 
voltage or reduced distance will result in 
ultimate breakdown and complete destruc- 


Figure 10.  Insula- 

tion sample prepared 

for tracking voltage 
measurement 
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tion of the insulating properties of the 
insulation, 
2. The establishment of minimum safe 
leakage distances requires an accurate 
knowledge of the environmental conditions 
where the insulation will be employed. The 
deposition of water and soluble conducting 
contaminants such as sodium chloride and 
sodium sulfate will affect the tracking volt- 
age greatly. 
3. The arc resisting qualities of an insulat- 
ing material will, to a large extent, deter- 
mine the safe minimum leakage distance. 
Further investigation should be made 
to determine the factors affecting leakage 
distances in alternating current systems 
and the relationship to direct current 
values. Surge voltages and the benefits 
derived from barriers should also be ana- 
lyzed to add further knowledge to the 
and insulated 


limitations of insulation 


structures, 
Appendix 
Measurement of Tracking Voltage 


Tracking voltage is defined as the mini- 
mum voltage which will cause damage to 
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the surface of an insulating material for a 
given set of conditions. The procedure for 
determining a tracking voltage value is as 
follows: A sample of the insulation to be 
evaluated is prepared by clumping a set of 
copper electrodes (bus burs) on its surhice a 
ieasured distance apart, The surface be« 
tween the electrodes is washed with distilled 
water and allowed to dry, A specific 
amount of contaminunt, either dissolved or 
mixed with a specific amount of water, is 
spread over the surliee of the insulation be: 
tween the electrodes, A step-funetion direet 
current voltage is immediately applied to 
the ele@trodes and maintained woutil the 
lenkuge current reuches its qiieseent yale, 
This tiay be uw period from S80 seconds to 
several minutes, After removal of the volt 
age the sample is lightly wiped with «a 
sponge wet with distifled water and allowed 


todry, tis then optically seanned ander 4 
15 to 2O power binocular microscope for 
evidence of trucking, 

This complete procedure is repeated i 
successively higher voltages with the track 
ing voltage recorded ay the minimum volt 
age for which tracking is observed, ‘The 
entire procedure is repented as neeessary tO 
obtain representative data for eneh point on 
Ww Curve, 

Several important detuily that are neces 
sury (oO nesure consistent and aeeurate re 
sults are as follows; The under side of the 
bus bars ure grooved (TMgure 10) to prevent 
lows of the surfiee moisture by eapilhury 
wetion, ‘The deposition of a speeifie mmount 
of surface moisture is aecomplished by the 
tise of either a ealibrated medicine dropper 
or u hypoderiite syringe, A simall eamel's 
hair brash pre-wetted is employed Co aprend 


No Discussion 
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the contaminating solution over the leakage 
surfaee, To provide uniform spreading of 
the surface moisture a non-ionie wetting 
agent was added to the contaminating solu. 
tion, 

The power supply or voltage souree used 
in these mensurements should be well regu 
lated and have a eapaeity of not less than 
500 iillimmperes, The transient response 
should allow a voltage variation of not more 
than about two per cent to eliminate errors 
which may otherwise be caused by the redtie- 
tion in voltage gradient available when the 
leakage currents flow, 

The resulting values of tracking voltage 
obtained on laboratory contaminated gam- 
ples using the above techniques were com- 
pared with data obtained on panels removed 
from operating machinery, The results 
were in good agreement, 
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O CONVEY speech with acceptable 

fidelity requires a telephone system 
which will transmit frequencies covering 
a large part of the audible range. Ob- 
viously a near-by power line inducing 
corresponding frequencies in the tele- 
phone system may set up continuous in- 
terference. 

The growth of power transmission and 
distribution lines, particularly those paral- 
leling telephone lines, has created a con- 
sciousness of telephone influence factor 
(commonly abbreviated TIF). This 
paper is a resume of analyses made of the 
effect of power system harmonics on tele- 
phone systems and of the measures taken 
by designers of synchronous equipment to 
avoid generation of these interfering fre- 
quencies. 


Telephone Influence Factor 
Defined 


There are two components of TIF, 
balanced and residual. 


BALANCED COMPONENT 


Balanced-cOmponent TIF of a 3-phase 
synchronous machine is the ratio of the 
square root of the sums of the weighted 
rms values of the fundamental and non- 
triple series harmonics to the rms value of 
the normal no-load voltage wave. 

Balanced TIF is measured terminal to 
terminal of the machine, usually open 
circuit, no load. The possible elements 
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contributiag to this component are the 
nontriple odd harmonies, such as the 
fifth, seventh, eleventh, and so forth. 
In any symmetrical rotating machine, 
the even-numbered cannot 
Within 
harmonics 


harmonics 
be present, as they cancel out. 

the machine itself, 
may circulate in a 
but they do not 
to the machine. 
the balanced-component voltages or cur- 


triple 
delta connection, 
appear external 


The algebraic sum of 


rents is zero with respect to a point in 
space. Theoretically their effect on a 
telephone system can be neutralized by 
transposition of power or telephone con- 
ductors, 


Present standards of the National 
Electrical Manufacturers Association 


(NEMA) on balanced component of low- 
speed synchronous generators are shown 
in Table I, 


RESIDUAL COMPONENT 


Residual-component TIF of a 3-phase 
synchronous machine is the ratio of the 
square root of the sum of the squares of 
the weighted values of one-third the rms 
fundamental and harmonic residual volt- 
age to the rms value of the normal volt- 
age from line to neutral. 

If a machine is operated grounded neu- 
tral, the triple harmonics—third, ninth, 
fifteenth, and so forth, will flow through 
the load and return via the ground lead. 
As shown in Figure |, these harmonics are 
Table | 


Kilovolt Amperes Balanced Component 


OO her! 290... ccanniaminntcen. 300 
BO d OO0's:.: cccsatentsbanunyecaets 200 
A DOO vig sc aitteneious Meee 150 

WO00H3,,499). o vinineee ence 125 
BEOO=0).000., :\. accmenmyan 60 
Y¥O,000 and above. cnicieseeos 50 


themselves in phase. They, therefore, 
combine and return through the neutral. 
The direct inductive effect on telephone 
conductors cannot be modified by trans- 
position, The ground return also may 
parallel telephone circuits, thus causing 
harmonic currents to flow. 

NEMA residual com- 
ponent for’ low-speed synchronous gen- 
erators are shown in Table II. 


standards on 


Determination of Weighting Factor 


HISTORY 


The mention 
values of the harmonics, 


definitions weighted 
The determina- 
tion of weighting factors for various fre- 
quencies, the method of measurement, 
and the effect of grounded and un- 
grounded power systems on telephone in- 
terference are all of general interest in 
establishing a basic understanding of this 
problem, 

The first quantitative measure of 
power system interference on telephone 
systems was established by an AIEE 
Subcommittee in 1919.' The standard 
proposed by this committee was known 
as Telephone Interference Factor. How- 
ever, the problem is not primarily one of 
wave form. <A nineteenth harmonic 
having an amplitude of 2 per cent of the 
fundamental will cause much more inter- 
ference than a fifth harmonic with an 
amplitude of 20 per cent, 

Accordingly, a second committee? at- 
tacked the problem from the standpoint 
of interference caused by individual har- 
monics. A new standard, known as 
Telephone Influence Factor, was adopted 
in 1935. “This established the currently 
accepted weighting for telephone inter- 
ference, 

To determine the actual effect of vari- 
ous frequencies on a telephone system, 
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Kilovolt Amperes Residual Component 
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Figure 1. Three-phase fundamental and triple 
harmonics 


tests were made by reading news items to 
various listeners and also by articulation 
ef unrelated syllables while currents of 
equal amplitude, but of various fre- 
quencies, were superimposed on the cir- 
cuit. The relative interfering effect, as 
determined by thousands of tests, is 
plotted in Figure 2. The interference is 
proportional to the amount of current. It 
varies widely with the frequency as 
shown. 


It was desired to adjust the values in 
Figure 2 so they would represent the ef- 
fect of the power system harmonics, tak- 
ing into account the coupling effect on the 
telephone system as well as the telephone 


12,000 


TIF - SINGLE FREQUENCIES 


system itself. This new series of values 
was obtained by multiplying the values in 
Figure 2 by a factor proportional to the 
frequency itself. This resulted in the 
values shown in the curve and tabulation 
in Figure 3, weighted on the basis that 
TIF at 60 cycles is equal to one. The 
fundamental and all harmonics are as- 
sumed to be true sine waves; also, it is 
assumed that any 60-cycle wave with a 
TIF greater than one can be resolved into 
the 60-cycle fundamental with one or 
more harmonics superimposed on it. 
Figure 4 illustrates a 60-cycle funda- 
mental with a nineteenth harmonic hay- 
ing an amplitude of 10 per cent. As de- 
fined and in accordance with the table 
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in Figure 3 we find: 
/ 


=1,110 


Even if the amplitude of a nineteenth 
harmonic is reduced to one per cent of the 
fundamental the resultant TIF will be 
111. Since many specifications call for 
balanced-component values as low as 15, 
it is obvious that there can then be sub- 
stantially no contribution by the seven- 
teenth or nineteenth harmonics. 

The relative interfering effect of two 
machines is proportional to the product of 
current times TIF. A generator, or syn- 
chronous motor, with a current of 100 and 
a balanced component of 20 has twice as 
much relative interfering effect as a unit 
with a current of 25 and a component of 
40. 


Measuring Telephone Influence 
Factor 


To measure TIF requires a circuit 
having an admittance characteristic as 
represented by the curve in Figure 2, 
One such circuit is shown in Figure 5. 
The meter is a thermocouple-type d-c 
milliammeter, To measure the balanced 
component the terminals of the meter are 
connected, usually through a potential 
transformer, as shown in Figure 6, to the 
machine or circuit under test. Readings 
are taken of the volt input and of current 
flowing through the network. Quantita- 
tively: 

Balanced component =(micro-amperes) /- 
(volts) 


A 60-cycle sine-wave generator im- 
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Figure 5 (above). 
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Figure 6. Connections to measure balanced TIF 


pressing 100 volts on the meter terminals 
will cause 100 micro-amperes to flow 
through the milliammeter. The bal- 
anced component of any machine is a 
direct measure of its interfering effect 
on a telephone system, compared to in- 
terfering effect of an equivalent 60-cycle 
pure sine wave. 

To measure the residual component the 
machine is delta connected with the meter 
connected across one corner, as shown 
in Figure 7. If triple harmonics are pres- 
ent in any substantial amount, a poten- 
tial transformer or resistor may be neces- 
sary to limit the voltage at the meter 
terminals. 

The presence of harmonic voltages as 
determined previously is primarily im- 
portant in that it causes harmonic cur- 
rents to flow, these harmonic currents by 


. inductive action causing currents to flow 


in the telephone system, with subsequent 
interference. Current TIF which is a 
measure of harmonic currents, can be 
measured with a meter by using a current 
coupler. 

If a harmonic filter is to be used to re- 
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Figure 8. Under- and over-chording effects illustrated for fundamental 
and third harmonic waves 
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Figure 7. Connections to measure residual TIF 


duce interference of an existing installa- 
tion, it is important to know the fre- 
quency and amplitude of the harmonics 
present. A harmonic analyzer is used 
with the meter to determine the contri 
bution of each of the existing frequen- 
cies. 


General 


The balanced component generally is 
much lower under load than it is open 
circuit. However, this may not be true if 
capacitors are present, as they will ac- 
centuate higher harmonics. 
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Chord factors for various chordings on fundamental, third, 
and nineteenth harmonics 


The effect of the residual component 
may be more pronounced at higher loads, 
as higher line currents also will cause 
higher absolute values of triple harmonic 
current to flow. Generators to be oper- 
ated grounded neutral should be designed 
for low values of residual component. 

A series of voltage transformations 
generally will reduce harmonic content 
in a wave form and therefore reduce inter- 
ference. However, highly saturated 
transformers will introduce triple har- 
monics and, if operated grounded neutral, 
may resultin substantial residual currents. 

Although this discussion covers only 
synchronous machines, it also is possible 
for induction motors to introduce har- 
monic currents. If the counter electro- 
motive force of the induction motor has a 
high harmonic content, harmonic cur- 
rents willlow in the feeder to this motor 
with possible subsequent telephone inter- 
ference. 

In any electric circuit, the first source 
of voltage-wave distortion is in the gener- 


Figure 10. True-arc poles of various pole 
embraces and corresponding field flux plots 
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TOO} SMALL 


ator. At no-load and nonmal voltage 
(generator armature being open-cir- 
cuited),.the generated instantaneous volt- 
age is directly proportional to the instan- 
taneous rate of cutting lines of magnetic 
force. A simple conductor revolving at 
constant speed in a uniform magnetic 
field generates a sine voltage wave. The 
generator voltage wave and TIF will be 
affected by: 


i. The stator slotting—fractional slotting 
desired 


is 

2. The coil pitch of the armature coils 

3. The number of coils and turns per slot 
- 


The angular span of the phase belts 


5. The skewing of stator slots, or rotor 
poles, or both 
§. The pole arc and shape 


7. The air gap and relation of slot width 
to slot pitch 


8. The magnetic saturation in the magnetic 
circuits 


Stator Slotting 


The slotted armature affects the dis- 
tribution of the magnetic flux and pro- 


Figure 12. True-arc pole having large radius and its field Aux plot 
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Figure 11 (left). 
True-arc pole 
having small 
radius and its field 
flux plot 


Figure 13 (right). 
Skewing effects 
illustrated for 
fundamental and 
fifth harmonic 
waves 


duces pulsations in the field that cause 
distortions in the voltage wave. The 
movement of the field poles in relation to 
the armature slots produces pulsations of 
the magnetic reluctance of the field cir- 
cuit and hence, even with constant field 
excitation, a pulsation in the magnetic 
flux. Therefore, this pulsation caused by 
the armature slots is the source of two 
harmonics in the voltage wave having 
frequencies of twice the number of slots 
per pole plus one times the fundamental 
frequency and twice the number of slots 
per pole minus one times the fundamental 
frequency. Thus, nine slots per pole 
(three slots per pole per phase for a 3- 
phase generator) produces seventeenth 
and nineteenth harmonics which in a 60- 
cycle generator results in 1,020 and 1,140 
cycles per second, respectively. By ref- 
erence to any TIF curve, it can readily 
be seen that both these frequencies are in 


SKEW FACTOR 
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the resonance zone and therefore are very 
objectionable, so that they should be 
avoided. Integral slotting is known as A 
slots per pole per phase, wherein A is any 
integral number. 

Fractional slotting is A+(b/c) slots per 
pole per phase, where b/c is a fraction re- 
duced to its lowest terms. Fractional 
slotting has a vernier effect from pole to 
pole, so that c poles are required before 
the relationship of slot to pole repeats. 
This is equivalent to many more slots per 
pole per phase and is electrically equiv- 
alent to (Ac+d) slots per pole per phase. 
Thus, 2°/s slots per pole per phase is elec- 
trically equivalent to 21 slots per pole per 
phase. The order of the slot harmonic, 
m, becomes 2 X phases X (Ac+b)’ +1, 
which in this example results in harmonics 
of the 125th and 127th order in a 3-phase 
generator. The corresponding frequen- 
cies are 7,500 or 7,620 cycles per second, 


Figure 14. Skew factors for various skewings on fundamental, third, 
ninth, nineteenth, and twenty-third harmonics 
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which are not objectionable from the 
standpoint of telephone interference. 
Thus, it becomes important to pick the 
proper fractional slotting in order to con- 
trol the slot harmonic frequencies which 
have a direct effect on TIF. 

The reduction factor for any harmonic 
of a fractional-slot winding due to the 
vernier slot effect is: 


Fysm = [sin (ms+6/2)]/[y sin (ma/2)] 
where 


s=slots per pole per phase 

m=order of harmonic 

6=angle in electrical degrees between slots 

y=numerator of improper fraction (re- 
duced) of s; thus, for an s of 25/5 
slots per pole per phase or 21/3 slots 
per pole per phase, y is equal to 21 

a=phase belt degrees divided by y. There 
generally are 60 degrees in each phase 
belt for 3-phase generators and 90 
degrees in each phase belt for 2-phase 
generators 


Chorded Stator Coils 


When the coil pitch differs from the 
pole pitch, the generated voltages de- 
veloped in the two sides of a single coil 
will differ in phase by an angle B, which is 
the number of electrical degrees by which 
the coil pitch differs from the pole pitch. 
It is called the pitch differential factor, 
K,, or Kpm when referred to harmonic m. 

Long-pitched coils cover more than 100 
per cent of the pole pitch and short- 
pitched coils cover less than 100 per cent 
of the pole pitch. Generally, for com- 
mercial generators, the coil pitch varies 
from 70 to 90 per cent, and this results in 
efficient use of the armature copper along 
with satisfactory operating characteris- 
tics, including telephone influence ef- 
fects. Figure 8 shows the effects of 100 
per cent, 66.7 per cent, and 133.3 per cent 
chording on both the fundamental and 
third harmonic frequencies. It should be 
noted that the third harmonic and mul- 
tiples of the third harmonic are eliminated 
by utilizing 66.7 per cent or 133.3 per cent 
coil pitch. At these two coil pitches, the 
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Low magnetic 
saturation effects 
and its flux plot 


Figure 16 (right). 
High magnetic 
saturation effects 
and its flux plot 


fundamental voltages are only 87 per cent 
(86.6) effective, so that 13 per cent of the 
maximum value of voltage (that at 100 
per cent coil pitch) becomes ineffective. 
Thus, two-thirds pitch stator coils or two- 
thirds slotted rotor (on turbogenerators) 
eliminates all triple harmonics and mul- 
tiples thereof. 

The pitch differential factor, Kym, also 
known as the chord factor Fi. =cos 
(MB/2), where B is the number of elec- 
trical degrees by which the coil pitch dif- 
fers from the pole pitch and J is order of 
the harmonic. Figure 9 shows this rela- 
tionship for the fundamental, third, and 
nineteenth harmonic frequencies. The 
resultant harmonic is proportional to the 
pitch differential factor for that harmonic 
and where it passes through zero, the har- 
monic is eliminated. 


Pole Arc and Shape 


The normal pole are embraces from 65 
to 75 per cent of the pole pitch. Then the 
pole constant varies from 0.68 to 0.70 
and the winding constant varies from 
0.42 to 0:43, so that the form factor of the 
voltage wave approaches 1.11, which is 
the value for a sine wave. 

By utilizing true-arc poles, that is, pole 
arcs having only one value of radius, the 
preferred ratio of maximum air gap to 
minimum air gap is from 1.2 to 1.4, Fig- 
ure 10 shows three true-arc poles and 
their corresponding field flux plots. Fig- 
ure 11 shows the effects of too small a 
pole-are radius on the field flux plot, re- 
sulting in a peaked voltage wave. Figure 
12 shows the effects of too large a pole-are 
radius on the field flux plot, resulting in a 
flat or hollow voltage wave, both of which 
are objectionable. 


Skewing 


Either the stator slots or the rotor 
poles or a combination of both may be 
skewed to reduce or even eliminate any 
specific harmonic frequency, as shown in 
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Figure 13. To eliminate any specific 
harmonic, m, the amount of skew in inches 
equals twice the pole pitch inches divided 
by the order of the harmonic, m. 

Any multiple of this amount of skew 
also may be utilized to eliminate the 
specific harmonic, but the more the skew, 
the more the losses, heating, and so forth. 
The skew factor, 


Fm = [sin (md/2)]/[(md/2)] 


where A is the electrical angle in radians 
of the skew and m is again the order of the 
harmonic. Figure 14 shows the skew 
factors for several different harmonic 
frequencies with skewing up to 20 per 
cent of pole pitch. Note that the thirty- 
third harmonic is reduced to zero at three 
different values of skew within the 20 per 
cent of pole pitch. 

By examining this formula, it will be 
noted that by skewing the slots exactly 
one slot pitch distance, all slot harmonics 
disappear. Also, if the slotting is A+ 
(b/c) slots per pole per phase, then 1/c 
of the slot pitch is the minimum distance 
to skew to eliminate the slot harmonics. 


Air Gap and Carter’s Coefficient 


By increasing the air gap, the flux pul- 
sations between rotor and stator become 
less, resulting in lesser amplitudes of the 
harmonic voltages and a lower TIF. 

By lowering Carter’s coefficient, which 
is the factor relating to the increased ef- 
fective air gap due to the slotted gap sur- 
faces, the ratio of slot width to slot pitch 
is reduced, so that the flux pulsation is 
lowered, resulting in a lower TIF. Nat- 
urally, by doing the opposite of the pre- 
ceding statements, the resulting TIF will 
be increased. 


Magnetic Saturation 


Magnetic saturation in the teeth, core, 
poles, pole body, and rotor rim will all 
have their effect on the magnetic circuit 
which directly affects the voltage wave 
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and the resulting TIF. By comparing 
Figures 15 and 16, and especially the flux 
plots, it becomes evident that increased 
gamnetic densities in the teeth cause 
flattening of the field flux form to result 
in a more uniform flux distribution and a 
lower TIF. It is important to have 
similar magnetic circuits in the entire 
generator and thereby avoid any distor- 
tions resulting from unequal or dissimilar 
magnetic circuits. A cast-iron rotor rim 
having-a flaw at a critical location may 
increase the TIF by 30 per cent. 


Manufacturing Factors 
Affecting TIF 


1. The pole-to-pole spacings on the 
rotor should be uniform. On one gen- 
erator, more uniform spacing lowered the 
TIF from 106 to 28, 

2. If the poles are skewed, make cer- 
tain the skewing angle is correct and that 
all poles are skewed the same amount, so 
that the poles are parallel to each other. 

3. If the pole-are surfaces are turned, 
all poles should have the same shape and 
contour. 


4. Every field coil should have the 
saine number of turns per pole with no 
short-circuited or grounded turns thereon, 
One case on record showed a reduction of 
TIF from 42 to 8.5 by clearing all short- 
circuited turns. 

5. The air gap should be equal at all 
locations, so that the rotor is concentric 
with respect to the gap bore. This helps 
to maintain similar magnetic circuits im 
the generator in so far as the air gaps are 
concerned. 

6. Equal magnetic circuits throughout 
the generator require similar materials 
and dimensions. Thus, avoid flaws, de- 
other dissimilari- 


fects, variations, or 


ties. 


Operating Factors Affecting 
Telephone Influence Factor 


In commercial generators, distortions 
in the voltage wave may be caused by: 
(1) variation in the speed; (2) nonuniform 
or pulsating magnetic fields; or (3) dis- 
tribution and connection of the armature 
conductors. 


The electric load on the generator may 
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change the TII. The no-load TIP may 
be reduced from 20 to 50 per cent by ap- 
plying full load, if balanced on all phases, 
The magnitude of the load eurrent af- 
fects the magnetic saturation within the 
generator and thereby also affects the 
TIF, The power factor of the load which 
relates the load current to its voltage and 
in turn the rotor position with respect to 
the stator, will affect TIT, Generally, 
unity power factor loads, or even lage 
ging power factor loads, will result in a 
lower TIF than on leading power factor 
loads. 
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A Maintenance Inspection Program 


for Large Rotating Machines 
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Synopsis: A maintenance inspection pro- 
gram making available manufacturer’s ex- 
perience is described. General service ex- 
perience with high-voltage machine insula- 
tion is reviewed. Several specific field 
problems are discussed. Likely failure 
causes are found to result from disturbance 
to the physical integrity of the insulation 
rather than a gradual deterioration caused 
by sustained electric stress. Inspection 
procedures, testing techniques, and equip- 
ment available in connection with the pro- 
gram are outlined. 


HE insulation of large high-voltage 

rotating machines is of sufficient im- 
portance to justify planned maintenance 
with the objective of preventing failures 
in service. A successful program of this 
type may be expected to permit correc- 
tion of many potential treubles in an. 
orderly fashion before service interrup- 
tions occur with consequent damage 
which may result in prolonged outages at 
inconvenient times. 

The nature and value of insulation 
tests is of great importance and has 
justifiably been the subject of a great deal 
of thought and study by many engineers 
in both manufacturing and operating 
organizations. The Electrical Equipment 
Committee of the Edison Electric In- 
stitute undertook a study of the problem 
‘in 1935, and in 1937 a special committee 
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was assigned to the subject of ‘“Generator 
Insulation and Testing.” The report of 
this committee was presented in 1940.! 
Operating engineering and maintenance 
organizations have indicated active in- 
terest in this important problem, Illus- 
trative of this interest is a paper pre- 
sented to the Edison Electric Institute 
in 1949 by L. F. Hunt and J. H. Vivian, 
outlining an aggressive and comprehen- 
sive program of maintenance inspection 
and testing.? There undoubtedly is much 
more to be learned about the insulation 
problem relating even to this particular 
type of electric equipment than is known 
at present. Some phases of this problem 
particularly relating to testing and inter- 
pretation of test data are controversial. 

Reputable manufacturers always, have 
been interested (and have felt a responsi- 
bility in connection with) field perform- 
ance and problems associated with proper 
preventive maintenance. The belief that 
the progress toward mutual objectives of 
the manufacturer and the operator in this 
respect could be aided materially to a 
more organized approach has led to the 
initiation of a maintenance inspection 
service for large high-voltage rotating 
machines. 


OBJECTIVES 


Accordingly, the maintenance inspec- 
tion program has the following basic ob- 
jectives: 


1. To make available to the users of 
Westinghouse machines an integrated 
program designed to anticipate and cor- 
rect difficulties which may arise before 
they become operating hazards and in 
general to promote the greatest possible 
usefulness of the machines. 

2. To encourage consultation and to 


Johnson—Maintenance Inspection Program for Rotating Machines 


co-operate with operators in connection 
with the administration of operators’ 
maintenance programs which are already 
in existence or which may be developed. 

3. To bring to each user the experi- 
ence and perspective gained from a knowl- 
edge of over-all service experience. 

4. To provide for more systematic 
and efficient accumulation and evaluation 
of performance experience to be used as a 
guide in directing attention to the need 
for development or improved manufac- 
turing control methods. 

5. To use the experience thus obtained 
as a basis for studying the over-all main- 
tenance problem with the objective of 
improving present techniques and de- 
veloping improved inspection and testing 
techniques and test equipment. 


APPROACH 


In the administration of a sound in- 
spection and maintenance program two 
questions naturally arise. 

1. What parts of the machine insula- 
tion are apt to be in need of inspection and 
maintenance? What should be looked for 
and to what extent does the machine need 
to bé disassembled to make an adequate 
inspection? 

2. The second question relates to 
diagnostic methods. What techniques or 
test methods are available to assist in de- 
termining condition and possible need for 
maintenance or repair? 


A knowledge of over-all field experience 
and performance, as well as design and 
construction of the machine, affords a 
very valuable background for answering 
the questions which relate to the need for 
maintenance inspection. . 


Insulation Design and Construction 


The objective sought in the design of 
any machine insulation is the utilization 
of materials and application’ processes 
which assure the manufacture of reliable 
machine insulations capable of meeting 
service’ réquirements ‘and enjoying long 
service life. Basically, this involves the 
selection of chemically and thermally 
stable materials which have suitable 
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Superficial and acute tape separa- 
tion produced in laboratory tests 


Figure 1. 


physical properties and are processed in 
such a manner as to secure adequate in- 
sulation properties and render them re- 
sistant to normal deteriorating and con- 
taminating influences. 

The problems which exist in fulfilling 
these basic requirements in the design of 
high-voltage machine insulation are as- 
sociated with the following factors. 


1. The machines involved usually are 
of large physical size. 

2. The operating voltage stress on the 
insulation is relatively high. 

3. The somewhat complicated shape 
of the end winding presents problems in 
connection with limiting excessive corona- 
producing voltage gradients on coil sur- 
faces and in the surrounding gas. 

4. The importance of the machines in- 
volved imposes the need for an unusually 
high level of service reliability. 


In general, the best over-all design in- 
volves a compromise of several more or 
less conflicting requirements. 


1. The insulation must provide an 
adequate dielectric barrier in a minimum 
wall thickness. The resulting high unit 
stress therefore requires the selection of 
low dielectric loss materials. 

2. Substantially void-free insulations 
are considered desirable in the interests 
of minimizing internal ionization and ob- 
taining good thermal conductivity. 

3. The physical characteristics of the 
composite insulation are of great impor- 
tance, particularly on larger machines, be- 
cause of the very considerable differen- 
tial expansion of the iron, copper, and in- 
sulation parts. 

4. The insulation must be in form 
suitable to be applied by simple, con- 
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trollable processes, so that required 
quality is obtainable readily in produc- 
tion. 

5. Material constituents which pro- 
vide dielectric strength must have suitable 
thermal endurance for operation at per- 
missible temperatures without an ex- 
cessive rate of degradation. 

6. A combination of judicious selec- 
tion of basic materials and the application 
of proper processing techniques is neces- 
sary to produce insulation with suitable 
voltage endurance characteristics so that 
many years of service at operating voltage 
with occasional overpotentials are real- 
ized, 


The development of satisfactory high- 
voltage machine insulations has been an 
evolutionary process. While the basic 
insulation has been mica since the early 
years of this century, the form of the in- 
sulation, bonding resins, and supporting 
structure has changed. New materials 
and processing techniques have changed 
radically over the years. Accordingly, 
insulations on modern machines are dis- 
tinctly different from the earlier units. 
Also, the physical size of machines has 
increased and will continue to increase. 
A knowledge of the particular type of in- 
sulation on a given machine and problems 
which may have arisen in connection with 
its use would be expected to have an im- 
portant bearing on the maintenance of 
the unit. 


Service Experience 


The insulation of a large rotating 
machine is a rather complicated structure. 
Primarily an insulation barrier of ade- 
quate strength must be provided between 
conductors and grounded parts. The in- 


Figure 2. Acute tape separation produced in 
service 
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sulation itself and the mechanical sup- 
porting structure are subjected at times 
to severe mechanical shock and other 
physical forces incident with machine 
operation, 

More effective maintenance inspection 
is possible when there is an understanding 
of some of the known potentialities for 
distress in a specific design and what 
means are available for properly diagnos- 
ing conditions in need of correction. 


TAPE SEPARATION PROBLEM 


Stator winding insulation among other 
things is subjected to physical forces in- 
cident to thermal expansion and contrac- 
tion of conductors during cyclic loading 
conditions, The extent to which insula- 
tion is stressed in this respect varies with 
machine type and size, and with machine 
loading. The degree to which insulations 
accommodate to conductor expansions 
and contractions is somewhat unpredict- 
able for asphalt-bonded mica insulations. 
Particularly under conditions of severe 
stress (long conductors and cyclic loading) 
a phenomena called tape separation may 
occur. Basically, tape separation occurs 
where stator coil insulation is unable to 
follow the successive expansion and con- 
traction of copper conductors. During a 
given load cycle, the insulation elongates 
longitudinally with the conductors during 
heating. Because the asphalt bonding 
material is essentially a high-viscosity 
liquid, the insulation lacks the elastic 
properties possessed by the conductors. 
Therefore, on cooling, the insulation may 
fail to return to the same position held 
prior to the heating cycles. The total 
permanent stretch for a given cycle is 
very small (being of the order of 0.001 
to 0.002 inch). However, the effect some- 
times is cumulative, so that after a rela- 
tively large number of thermal cycles 
appreciable separations may occur. This 
separation occurs quite consistently either 
just outside the end of the core or under 
the end wedge. Most of the separations 
which occur are just outside of the core. 

Separations which may occur fall into 
two classifications. The most frequently 
occurring type is called a superficial or 
surface separation. It is so called be- 
cause the insulation migration has occur- 
red in a manner such that the dielectric 
strength of the coil insulation has not been 
reduced significantly. The other and rela- 
tively rare type is called acute separa- 
tion. In this case the insulation migra- 
tion has produced a serious fracture of the 
insulation at the point or in the vicinity of 
the observed separation. Under these 
conditions operation is hazardous and the 
coil insulation must be repaired or re- 
placed. 
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ieee ‘Figure 1 shows the two types of tape 


separation which were produced by tem- 
perature cycling in the full-size core model 
described in a companion paper. The 
upper coil section shows an acute separa- 
tion and the lower coil section is illustra- 
tive of a superficial separation. 

‘Figure 2 shows an acute separation 
which oecurred in service on a relatively 
long turbine generator. In general super- 
ficial separations are characterized by rela- 
tively firm insulation in the vicinity of 
the surface separation. Acute separa- 
tions are characterized by a ‘‘necking 
down” of the insulation wall in the 
vicinity of the visible separation. This 
more serious condition usually is detect- 
able by inspection. 

The first few years of operation appear 
to be critical with respect to the possible 
development, the extent, and the serious- 
ness of tape separation. Most machines 
under average conditions of use do not 
have, or have only a negligibly small 
amount of, tape separation. The shorter 
machines generally do not have tape 
separation. 

Acute tape separation has been ob- 
served on several relatively long hydro- 
gen-cooled turbine generators. Many 
such machines have been inspected which 
show no evidence of separation. There 
are, however, a number of turbine gen- 
erators which have superficial tape separa- 
tion in varying amounts. It is important 
to watch for these conditions and to note 
trends. In the event that serious weaken- 
ing of the insulation is detected, repairs 
may be made when the machine is down 
for normal inspections. 

Tape separation phenomena as de- 
scribed in the foregoing paragraphs ap- 
pear to be characteristic of asphalt- 
bonded mica insulations in general. In 
severe laboratory tests the newer syn- 
thetic bonded mica insulation is able to 
withstand severe cycling without dis- 
tress. 


¢ 
CORONA AND SLOT-DISCHARGE EFFECTS 


Slot Treatment. Corona prevention in 
the slot parts of stator coils is accom- 
plished with the use of a low-resistance 
conducting finish. Varnish-base con- 
ducting compounds are in present use. 
In the past, colloidal graphitic water 
suspensions have been used. In general, 
this treatment has successfully elimi- 
nated slot corona and has been used by 
Westinghouse for over 20 years. Ina few 
cases, however, difficulty arising from a 
loss of electric contact between the con- 
ducting coil finish and the core has been 
encountered. This loss of contact has 
been limited entirely to top coil sides 
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(those nearestithe bore): . Under these 
conditions, at voltages in the range of 
operating stress, a rather intense capaci- 
tive discharge occurs between ungrounded 
coil sides and the core. This phenomena, 
which is called a “‘slot discharge,”’ may be 
seriously destructive to the coil surface 
finish and to the basic ground insulation 
if it continues unchecked. 

When this phenomena first was dis- 
covered, an investigation of the problem 
was undertaken. This involved the con- 
struction of a core model in which it was 
possible to study in the laboratory the 
factors which might lead to the develop- 
ment of surface discharging. The phenom- 
ena was reproduced successfully in the 
laboratory under severe test conditions. 
The process modifications designed to 
overcome the tendency for discharge 
phenomena were subjected to rigorous 
tests, including high voltage, temperature 
Figure 3 
shows coil surface deterioration produced 


cycling, aud severe vibration. 


by a slot discharge in the laboratory core 
model. Figure 4 shows a case of severe 
coil-surface and filler-strip deterioration 
observed on a water-wheel generator. 

The incidence of this sort of difficulty 
has been found to be very small. The 
fact that the possibility (however remote) 
of trouble from this phenomena exists 
necessitates the development of suitable 
testing equipment for detection of dis- 
charging and also the development of 
suitable and economical corrective meas- 
ures which can be used when difficulty is 
encountered. Slot-discharge detection 
equipment has been developed and will be 
described in a later section of this paper. 
Corrective treatments have been de- 
veloped which are effective and econom- 
ical in suppressing surface discharging. 


End-Winding Corona.  End-winding 


Coil-surface deterioration caused 
by slot discharge produced in laboratory 


Figure 3. 


Figure 4. Coil-surface and filler-strip deteri- 
oration caused by slot discharge on a stator 
winding in service 


corona is minimized effectively in modern 
windings by stress-relieving semiconduct- 
ing finishes and by providing suitable 
spacing between stressed members. Also, 
the use of inorganic binder tapes, twine, 
““Micarta’”’ spacers, and synthetic resins 
with inorganic pigmentation provides sur- 
faces highly resistant to the deteriorating 
effects of corona. Generally speaking, 
even a fairly high level of end-winding 
corona is not a serious hazard and does 
not limit significantly the usefulness of a 
machine insulation. In unusual cases, 
however, attempts have been made to 
reduce end-winding corona on machines 
in service. It has been found possible 
materially to improve conditions by suit- 
able treatments. Reduction in end- 
winding corona by this means, however, 
is achieved by some increase in stress on 
portions of the end-winding insulation. 
Usually treatments recommended are 
dictated by observed conditions taking 
into consideration the design and con- 
struction of the machine. 


CONDUCTOR SHORT CIRCUITS 


The design of conductor insulation on 
multiturn stator coils of large rotating 
machines usually is very liberal with large 
factors of safety over anticipated con- 
ductor insulation stresses. Also, con- 
ductor insulation is subjected to relatively 
high overpotential tests during manufac- 
ture. Nevertheless, an appreciable per- 
centage of winding failures which occur 
probably originate as turn-to-turn faults. 
It obviously is desirable, then, to be able 
to test this insulation at voltages above 
operating stress. The test equipment de- 
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scribed by R. J. Alke and R. M. Sexton‘ 
is the best means currently available for 
making tests of this nature on large rotat- 
ing machines. 


SUMMARY OF LIKELY FAILURE CAUSES 


Modern high-voltage stator windings 
in general have enjoyed a very high level 
of service performance. Failures in serv- 
ice have been rare. From the experience 
which is available, it appears that the 
following are the nature of likely failure 
causes. 


1. In general, failures do not result 
directly from the effects of prolonged elec- 
trical stress at operating voltages on in- 
sulation when the physical integrity re- 
mains. In other words, for relatively un- 
disturbed insulation the mechanism that 
produces failures at high stresses is pres- 
ent at operating stresses to such a minor 
extent that it does not limit significantly 
the life expectancy of properly designed 
insulation. 

2. Failures apparently are far more 
likely where something has occurred to 
destroy the physical integrity of the in- 
sulation. 
are? 


Illustrative of possible causes 


a. Cracking of the insulation 
from unusual mechanical stresses. 


resulting 


b. Insulation distress resulting from physi- 
cal forces incident with thermal expansion 
effects or from unusual vibration. 

c. Operation at temperatures which tend 
to degrade organic constituents which sup- 
port and bond the basic mica insulation. 

d. Insulation deterioration resulting from 
surface discharging caused by loss of contact 
between*tondticting coil surfaces and core. 

e. Eroding effects of foreign magnetic 
particles embedded or lodged against the 
coil insulation surface. 
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Figure 5 (left). 

D-c test of a tur- 

bine generator 
stator winding 


Figure 7 (right). 
Slot - discharge 
test on a turbine 
generator stator 


f. Contamination by substances which ad- 
versely affect insulation strength of all or 
part of the insulation structure—the most 
common being moisture contamination. 
g. Abnormally high overvoltages resulting 
from surges on unprotected machines or 
excessive testing at unnecessarily high over- 
potentials. 
h. Undetected weakness which may have 
occurred during installation or manufacture, 
It appears, then, that maintenance in- 
spection and testing should be directed 
toward the detection of conditions where 
the physical integrity of the insulation at 
some point has been weakened to the ex- 
tent that failure at operating stress or 
normal overpotentials may result, 


Maintenance Inspection Program 


SCoPE 

A knowledge of the design and con- 
struction of the machines and over-all 
field experience with likely causes of dis- 


Figure 6. Slot-discharge analyzer 
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tress form the background for this pro- 
gram, The service presently is directed at 
large turbine generators, water-wheel 
generators, and synchronous condensers. 
The inspection includes examination of 
the machines by engineers with broad 
experience in this particular field and the 
application of tests directed toward de- 
tecting likely causes of distress. It is not 
the intention to replace existing main- 
tenance programs, but rather to en- 
courage planned maintenance on the part 
of users and to supplement these programs 
with the manufacturer's service to the ex- 
tent desired by users. 


INSPECTION PERIODS 


It is not practical to establish a defi- 
nite inspection period for all machines, 
as operating conditions vary widely. 
Yach case should be considered individ- 
ually by the user on the basis of the per- 
formance aud operating history of the 
machine and its condition at the last in- 
spection. 


1. It is recommended that an inspec- 
tion be made at a convenient time after 
the first year of operation. 

2. Subsequent inspections should be 
in the range of two to five years. 

3. If the first two or three inspections 


indicate negligible maintenance, the 
periods between inspections can be 
lengthened. 


4. Itis desirable, when possible, to co- 
ordinate the generator inspection with the 
turbine inspection in the case of turbine 
generators. 


EXAMINATION 


The following are illustrative of the 
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principal items covered in an inspection 
of these machines. 


Stator Winding 


General Appearance 
Coil finish condition 
General cleanliness 


_ Coil Condition in Slots 
Condition of wedges 
Checks for wedge movement 
Checks for loose wedges 
Checks for evidence of coil looseness 


Coil Condition in End Winding 

. Condition and tightness of blocks and 
spacers 

b. Condition and tightness of twine lashing 
ce. Coil surface condition 

d. Condition with respect to possible dis- 
tortion or tape separation 


ry note cant ee Bara lS SO Me 


4. Evidence of Corona or Slot-Discharge 
Distress 
5, Tape Separation 


a. Extent 

b. Nature (superficial or acute) 

c. Chart observed conditions for future 
reference 


6. Condition of Core 


Rotor Windings 


1. Salient Pole 

a. Evidence of movement or shifting of 
coils 

b. Evidence of movement or looseness of 
poles 

c. General cleanliness 

d. Condition of ground insulation washers, 
and so forth 

e. Connections between coils and to col- 
lector 

f. Condition of collector insulation 

2. Nonsalient Pole 

a. Condition of retaining ring fits, wedges, 
and so forth 

b. Condition of end-winding blocking by 
examination through retaining ring holes 
and from under side 

ec. Condition of collector and collector insu- 
lation 


A thorough visual examination must 
form the basis of any sound maintenance 
inspection program. No test methods 
are available or likely to be developed 
which will make it unnecessary periodi- 
cally to examine equipment to determine 
its physical condition. As outlined, in- 
spections should be directed principally 
at an evaluation of the mechanical condi- 
tion of the insulation. 


MAINTENANCE TESTS 


Suitable tests can be useful to supple- 
ment visual inspection in determining the 
suitability of machine insulations for serv- 
ice or to disclose undesirable conditions 
in need of corrective maintenance. There 
is no single test which will provide all the 
desired information relative to insulation 
condition. Nor is it likely that a test-will: 
be developed which will indicate directly 
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the remaining useful life of an insulation. 
However, there is a sound basis for ex- 
pecting that the combination of thorough 
visual inspection and proper interpreta- 
tion of the available tests will permit a 
reasonable estimate of probable insulation 
condition at a given time. Periodic tests 
and inspections then may be expected to 
establish conditions of the insulation over 
a period of time. Reasonable extrapola- 
tion of the performance trend thus estab- 
lished would be justified. In this manner 
it should be possible to exercise hetter 
judgment as to when a machine winding 
is in need of repair or ultimate replace- 
ment. 


GENERAL NONDESTRUCTIVE TESTS 


The so-called nondestructive tests, such 
as insulation resistance, power factor, 
polarization and ionization, are of greatest 
value when they may be related to phys- 
ical conditions or changes that may be 
occurring in the insulation. In many 
cases the absolute measured values are of 
themselves of limited significance. It 
also must be remembered that large in- 
sulation areas are involved in machine 
windings and that discreet areas of weak- 
ness would not be expected significantly 
to affect the characteristics as determined 
for the entire winding. The greatest 
significance of such tests then, would be 
to indicate overall trends. 

A sudden drop or a sustained downward 
trend in insulation resistance might be 
subject to different interpretation de- 
pending on whether it was measured on 
the stator or the rotor. Different levels 


of insulation resistance should be ex- 
pected of different types of machines. 
Totally enclosed hydrogen-cooled stator 
windings should have a relatively high 
A large 


level of insulation resistance. 


drop in the normal level of insulation re- 
sistance should be regarded seriously as 
it may be indicative of moisture con- 
densation in the housing, which may lead 
to failure of creepage surfaces. Open- 
type machines, particularly with water- 
spray air cleaners, naturally would be 
expected to have materially lower values, 
The same value of insulation resistance 
which would be indicative of hazardous 
conditions in the closed machine may not 
be at all alarming on the open-type 
machine. Of these nondestructive tests 
for generator insulation, the insulation- 
resistance and the dielectric-absorption 
test appear to have the most merit as in- 
dicators of trends with respect to con- 
tamination by moisture or other agents 
which may decrease either the volume or 
the surface résistivity of the insulation. 


OVERPOTENTIAL TESTS 


Overpotential tests are the only means 
for providing assurance that the winding 
insulation has a certain level of insulation 
strength. Depending on the test value 
used and the minimum insulation strength 
of the winding (an unknown quantity), 
such tests are destructive to a greater or 
less extent. Because of the steeper slope 
of the voltage-endurance characteristic as 
indicated by G. L. Moses,® the deteriora- 
tion with time is much greater for a-c 
than for d-c test potentials. 

A-c tests nevertheless have been and 
are being used for maintenance overpo- 
tential testing. When used, the test value 
should only be high enough to give assur- 
ance of certain minimum required insula- 
tion strength. In most cases for rela- 
tively infrequent tests a value of (22+ 


Conductor insulation test on a tur- 
bine generator stator 


Figure 8. 
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1,000) X65 per cent is believed to be ade- 
quate. For relatively frequent tests a 
somewhat lower value may be desired 
based on the theory that for shorter times 
between tests a lower margin over operat- 
ing stress would be required to give the 
same over-all safety factor. The applica- 
tion of such a test is a calculated risk 
which is subject to justification based on 
the over-all economics of making repairs 
during scheduled maintenance versus 
making repairs under emergency condi- 
tions. 

As indicated in the paper by Mr. 
Moses,® a suitably selected value of d-c 
overpotential may be equally as searching 
for likely types of insulation weakness 
with the expectancy for small or neg- 
ligible destructive effect on good insula- 
tion. There are two reasons for this. 


1. An equally searching d-c potential 
is a smaller percentage of the d-c strength 
of the insulation than would be the case 
with comparable a-c stress. 


2. Because of the very much flatter 
voltage-endurance characteristic with d-c 
potentials the time to failure for an equal 
percentage of 1-minute strength is far 
longer with d-c than with a-c potentials. 


Accordingly, d-c overpotentials appear 
to be fundamentally advantageous for 
maintenance testing. In addition to 
basic advantages, the required test equip- 
ment is much less expensive and far less 
costly and cumbersome to transport. 
Also, insulation leakage at high stress 
may be measured. D-c overpotential 
maintenance tests therefore are recom- 
mended. The risk involved in this test is 
believed to be very much less than with a 
comparable a-c test. 


A d-c test value 1.6 times the recom- 
mended a-c maintenance test of (2E+ 
1,000) X65 per cent has been used and is 
proposed for general consideration. For 
convenience, then, this becomes (2E+ 
1,000) X 1.04. The tester used in connec- 
tion with the Westinghouse Maintenance 
Inspection Service is a multirange Takk 
Corporation high-voltage d-c tester. The 
rariges are 1.5, 15, and 45 kv. It is essen- 
tially a low-energy device having a maxi- 
mum output of 2.5 milliamperes. This 
output is found to be more than adequate. 
The low-energy feature is considered to be 
advantageous, since destruction incident 
with test failure is at a practical mini- 
mum, Figure 5 shows this equipment 
being used to test a stator winding. 


SLoT-DISCHARGE ANALYZER 


The slot-discharge analyzer is a single- 
purpose instrument. It is used for 
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checking the adequacy of the grounding 
between the low-resistance conducting 
coil surface in the slot portions and the 
core. This equipment is effective in de- 
tecting and locating the presence of sur- 
face discharging from low-resistance areas 
of coil treatment and core. Detection is 
accomplished by a simple test from 
machine terminals. If line-terminal 
checks indicate existence of discharging, 
affected coil sides are located by probing 
coil surfaces at accessible areas such as in 
vent ducts. Figure 6 shows a slot-dis- 
charge analyzer. Figure 7 shows this 
quipment being used to test a winding. 


SURGE-INDUCTION TESTER 


The surge-induction tester is described 
by R. J. Alke and R. M. Sexton. It pro- 
vides a means of checking the conductor 
insulation of wound machines. This 
equipment is used in the factory for test- 
ing multiturn half-coil designs where pre- 
viously no method was available for test- 
ing conductor insulation at half-coil 
joints. The present equipment induces 
surges up to approximately twice normal 
operating stress. Figure 8 shows this 
equipment being used to test a stator 
winding. 


Summary 


During the past decade, the unusually 
great need for electric power stimulated 
the power producers to operate generating 
equipment for long periods at loads well 
above rated values. In many instances, 
hydrogen-cooled steam turbine and water- 
wheel-driven generators have been oper- 
ated five to ten years without having had 
a thorough inspection. 

There are many parts of generators that 
are expendable with time and operation, 
and consequently need periodic inspec- 
tion and maintenance to be kept in good 
serviceable condition. The most ob- 
vious are commutators, collectors, 
brushes, bearings, stator iron, end fingers, 
insulation, coil bracing, and slot wedges. 
During manufacture, care is exercised by 
the workers and careful inspection is 
given to make certain that materials, 
processes, and assembly procedures are in 
accordance with the manufacturing speci- 
fications. When the unit is completed, 
recognized commercial tests are made to 
demonstrate that operation and perform- 
ance requirements are met. Also, during 
installation thorough inspection again is 
exercised and the initial operation of the 
unit is watched and checked with indi- 
cating and recording instruments. There- 
after day-to-day instrument readings 
supplemented by visual and other ob- 
servations form the basis for current 
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diagnosis of the general condition of/ the 
unit. Alllarge high-voltage rotating ma- 
chines should be inspected at periodic 
intervals. Westinghouse is vitally in- 
terested in collaborating with users in such 
a program. In working toward that end 
trained engineering representatives and 
specialized equipment and techniques 
have been made available. It is logical 
that the first inspection should be made 
jointly by manufacturer and user after 
approximately the first year of operation. 
The time for and the extent of the sub- 
sequent inspections could be determined 
on the basis of conditions found at the 
time of the first inspection. In the case of 
steam and hydraulic generators, it is be- 
lieved that generator inspections can be 
made at the time normal turbine inspec- 
tions occur and thus the outages of the 
complete unit will be reduced to a mini- 
mum. Theengineering services, testequip- 
ment, and inspection techniques now 
available are of such caliber that the users 
of large rotating high-voltage equipment 
should be able to utilize them econom- 
ically to supplement any inspection and 
maintenance program now in effect or 
that may be evolved. 


References 


1. Frerp TESTING OF GENERATOR INSULATION, 
E.E.I. Committee Report. Electrical Engineering 
(AIEE Transactions), volume 60, December 1941, 
pages 1003-11. 


2. OPERATION OF SYNCHRONOUS MACHINES FOR 
CONTINUITY OF SERVICE ON SOUTHERN CALIFORNIA 
Eprson Company System, L. F. Hunt, J. H. Vivian. 
Minutes, Electrical Equipment Committee, Edison 
Electric Institute (New York, N. Y.), May 3, 1949. 


3. A New HicH-Vo_tTtaGE INSULATION FOR 
TURBINE-GENERATOR STATOR WinpINnGs, C. M. 
Laffoon, C. F. Hill, G. L. Moses, L. J. Berberich. 
AIEE Transactions, volume 70, part I, 1951, 
pages 721-30. 


4. DETECTION OF TURN-TO-TURN FAULTS IN 
Larce HicH-VoLTAGE TuRBINE-GENERATORS, R. 
J. Alke, R. M. Sexton. AIEE Transactions, 
volume 70, part I, 1951, pages 270-74. 


5. ALTERNATING AND DrrEecT VOLTAGE ENDUR- 
ANCE STUDIES ON Mica INSULATION FOR ELECTRIC 
Macuinery, G. L. Moses. AIEE Transactions, 
volume 70, part I, 1951, pages 763-69. 


6. THe Basis FOR THE NONDESTRUCTIVE TESTING 
or InsuvaTion, R. F. Field. Electrical Engineering 
(AIEE Transactions), volume 60, September 1941, 
pages 890-95. 


7. A PorTABLE INSTRUMENT FOR MEASURING 
INSULATION RESISTANCE AT HiGH VOLTAGE, F. W. 
Atkinson, R. B. Taylor. Electrical Engineering 
(AIEE Transactions), volume 64, April 1945, pages 
164-66. 


8. RECOMMENDED PRACTICE FOR TESTING INSU- — 


LATION RESISTANCE OF ROTATING MACHINERY. 
AIEE Standard, Number 43, April 1950. 


9. INSULATION TESTS OF ELECTRICAL MACHINERY 
BEFORE AND AFTER BEING PLACED IN SERVICE. 
B. L. Barns, C. M. Gilt. AZJEE Transactions, 
volume 48, April Section, 1929, pages 656-65. 


10. GpNERATOR-INSULATION TgEsTs, B. VanNess. 
Bulietin;, Edison Electric Institute (New York, 
N. Y.), volume 6, May 1938, pages 204-06 and 231. 


11. MAINTENANCE OVERPOTENTIAL TESTS FOR 
ARMATURE WINDINGS IN SERVICE, R. W. Wiese- 
man. General Electric Review (Schenectady, 
N. Y.), August 1940, pages 24-28. 4 


AIEE TRANSACTIONS 


: 
4 


Discussion 


C. T. Yarbrough (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Plan- 
ned maintenance programs are not new in 
industry, as many industrial companies and 
power companies have good maintenance 
organization. However, with the new 
major developments in insulation testing and 
the new, tools available, new concepts of 
maintenance testing have been created. 
The manufacturers of large high-voltage 
rotating equipment are greatly interested in 
having this apparatus operate without seri- 
ous prolonged outages. Thus, the Westing- 
house Electric Corporation has made avail- 
able trained and experienced engineers and 
special equipment to assist the operating 
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companies in maintaining their equipment. 

Until recently, we had only one 45-kv d-c 
Takk Tester, which was used at the factory 
for development work and also was shipped 
by air back and forth across the United 
States many times to give service on the 
maintenance inspection program. This 
would not have been possible with an a-c 
test unit, as a 300-kva transformer with 
regulator would have been required on the 
larger generators tested. We now have 
four Takk Testers and find them very 
rugged and portable. 

During the last 18 months, a total of 55 
large machines were inspected with an aggre- 
gate of kilovolt amperes amounting to over 
3,000,000. The age of these machines varied 
from 1 to 30 years of service. Winding re- 
pairs varying in extent were made on 15 of 


the units inspected and tested. Most of the 
units repaired had been in service over 15 
years. Experience has shown that it is more 
economical to weed out defective coils and 
repair them during a scheduled outage pe- 
riod, rather than risk a longer and more 
costly outage caused by a coil failure burning 
the core iron, necessitating a complete re- 
building job. 

The maintenance inspection and nonde- 
structive d-c overpotential test program has 
been very well accepted by most of the com- 
panies using our apparatus. However, 
there are still some companies who do not 
want to take the generators out of service 
long enough for a thorough inspection and 
thus prefer to take the risk of a long costly 
outage in case of a coil failure seriously 
damaging the iron core. 
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Routine Insulation Testing of 


Synchronous Machines 


L. F. HUNT 


FELLOW AIEL 


Hi) OPERATION of all power sys- 
tem equipment for continuity of 
service is of vital interest to every electric 
wlility The Southern Cali 
fornia dison Company has studied this 


company, 


problem, and has accumulated practical 
field experience in the operation, testing, 
and maintenance of large synchronous 
machines during the last eight years that 
should prove valuable to other electric 
utilities and to cleetrical machinery manu 
facturers, ‘This paper reviews the de 
velopment, practice, and results of a pro- 
pram of overvoltage testing of large syn- 
Chronous machines, 

system of the 


Lhe eleetrie power 


Southern California Hdison Company 
serves the ten central and southern coun 
lies of California, ‘There are approxi 
mately 900,000 customers in this 18,500 
square mile area, There are 50 hydro 
electric generators in 24 plants with a 
total capacity of 1,008,650 kva or 936,000 
kw, There are 15 steam electric genera 
tors in four plants with a total capacity 
of 796,269 kya or 675,500 kw and five 
cliesel electric generators in one plant with 
& total eapaeity of 87,500 kva or 80,000 
kw, In addition to this generating 
equipment, there are 33 synchronous con 
dengers in 20 stations with a total capacity 
of 1,050,000 Kya, and one frequeney 
All to 
wether there are lt machine windings 
with a total capacity of 8,007,419 leva to 
be maintained, 


changer of 60,000 kya capacity, 


The normal operation of a power sys- 
fem of this extent is extremely compli- 
cated, and unpredicted failures can seri- 
Power 
sources are widely separated and involve 


ously affeet the operating plan, 


expedient use of hydro, steam and inter- 
connections «with other systems, Pre. 
determined allocation of loads to source is 
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FELLOW AIEE 


necessary for efficient operation and for 
conservation of fuel and water. Inter- 
connection with other power systems such 
as the City of Los Angeles, the Pacific 
Gas and Wlectric Company, the San Diego 
Cas and lectric Company and others re- 
quires the long range co-ordination of 
outages for routine maintenance. Over- 
haul periods for hydroelectric equipment 
is scheduled when the runoff is low, and 
steam electric generator overhauls are 
scheduled for a time of year when water 
supply is maximum, Unanticipated out- 
aves of either class of generation may be 
costly not only to the Southern California 
Ndison Company, but also may affect the 
operations of interconnected companies. 

The rapid growth of this area has in- 
creased the demand for power to an 
amount that requires operation of all 
generating facilities at higher load factors 
than ever before. The importance of all 
customers’ loads and especially those of 
major industrial plants, and continuous 
process plants such as paper mills, rubber 
ills, steel mills, and glass plants makes it 
imperative that failures of large units 
while in service shall not occur. 

One of the first steps toward the elimi- 
nation of service 
was the development of a standard pro- 


winding failures in 


cedure for routine physical inspection, 
Check charts were prepared so that noth- 
ing would be overlooked, 

The physical inspection includes care- 
ful examination of the stator coils, coil 
end extensions, coil bracing, spacer 
blocks, slot wedges, cross connections, and 
lashing, items are checked for 
Inovement, distortion, rigidity, Uightness, 
strength, and position, The insulation 
itself is examined for surface condition, 
dirt, oil, cracks, mechanical damage, 
outer-tape Separation, mechanical 


These 


wy 


// 
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strength, solidity, pliability, and elas- 
ticity. The stator iron and lamination 
clamping plates are checked for any 
looseness, loose laminations, evidence of 
vibration, iron rust due to fretting, and 
for signs of local heating. 

Inspection of the rotors includes a 
check of clearance between blowers and 
coils, check for movement or shifting of 
field coils, inspection of strap field coils 
for turn movement and condition of 
turn-to-turn insulation, check of condi- 
tion of ground insulation and pole bobbin 
collars, check of leads and connections 
from the coils to the collector rings, and 
a check of all nuts and bolts for loosening. 
Any defects found are corrected. 

In addition to the physical inspection, 
insulation resistance measurements are 
made of both stator and rotor. 

Records of the conditions found during 
these inspections are kept for all machines 
in order that signs of developing troubles 
will be brought to attention and cor- 
rected, or an estimate made of the safety 
of continuing to operate. 

In spite of the careful visual inspections, 
measurement of winding resistance, and 
the maintenance program described, some 
failures in service occurred, and it was 
decided to supplement the inspections 
with electrical tests. 


Reliable Test Sought 


The nature of insulation failures in 
machine windings makes it practically 
impossible to predetermine the exact time 
of failure. This condition has long been 
recognized in the industry, and a great 
deal of thought and work has been ex- 
pended in an effort to discover some 
simple and reliable nondestructive test 
to apply that would measure and show 
the condition of the winding insulation. 
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October 28, 1950; . made available for printing 
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of the Edison Electric Institute undertook 
active work on this problem in 1935.! 
In 1937, a Special Subject Committee 
was appointed on Generator Insulation 
and Testing. This Committee directed 
the investigations of various member 
companies and others in the industry, and 
maintained close contact with the electric 
machinery manufacturers, with the ulti- 
mate objective of developing a reliable 
test procedure for determining the condi- 
tion of winding insulation. 

The investigation by this Committee 
resulted in considerably better under- 
standing of the problem, and furnished a 
useful guide for further work and stand- 
ardization of insulation testing. 

Work on this subject continued, and in 
December 1946, the Subcommittee on 
Insulation Resistance of the AIEE Com- 
mittee on Electric Machinery, published 
a report on Recommended Practice of 
Insulation Resistance Testing of A-C 
Rotating Machinery. The final revision 
of this report was published April 15, 
1950, as AIEE Standard Number 43.? 

This Standard reviews the factors that 
affect the insulation resistance charac- 
teristics, recommends uniform methods 
of making insulation resistance tests, and 
presents a method of determining the 
approximate minimum insulation resist- 
ance values for rotating machines, and is 
an aid in interpreting the results of in- 
sulation tests. However, no correlation 
between the measured condition of in- 
sulation and dielectric breakdown is 
given. 

In spite of all that has been done, it ap- 
pears that no really reliable nondestruc- 


tive test is available for predicting the 
probable remaining life of rotating ma- 
chine windings in service. No consistent 
quantitative relation between the insula- 
tion resistance and dielectric strength has 
ever been found. 

Local failure can occur in a winding 
which will appear good by any method of 
test that does not apply overvoltage to a 
winding. It, therefore, appears that if 
failure in service is to be avoided, it is 
necessary to use overvoltage testing. 

Insulation deterioration as well as 
breakdown depends not only on the mag- 
nitude of the applied voltage, but also on 
the length of time of application. The 
time of voltage application to cause failure 
of weak or deteriorated insulation is less 
than for good insulation. Hence there 
should be a value of test voltage and 
length of application for periodic testing 
that will provide the desired degree of 
freedom from failure in service. It was 
with this idea that the engineers of the 
Southern California Edison Company 
initiated in 1942 a program of investiga- 
tion and test in order to develop an over- 
voltage test procedure that would give 
the desired results. 

Before establishing this procedure of 
overvoltage testing, or determining the 
voltage to be used, a review of the existing 
literature on this subject was made and 
various manufacturers were requested to 
furnish information concerning available 
methods of fixing the Life Expectancy of 
Windings by nondestructive tests which 
could be made at the time of overhaul, and 
to comment on the use of an annual 150 
per cent overpotential test. 


SPARK GAP 
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Figure 2. 
chine winding not connected to test equipment. 
after gap breakdown 


1951, VoLuME 70 


17,500-kva 6,600-volt generator high-voltage test. 


Ma- 
Test voltage before and 


Figure 4. 
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17,500-kva 6,600-volt generator high-voltage test. 
winding connected in parallel with spark gap. Test voltage before and 


Figure 1 (left), Diagram of connection for overvoltage test 


17,500-kva 6,600-volt generator high-voltage test. 
Same as Figure 2, except made with cathode ray oscilloscope and high- 


speed camera 


The comments received in 1944 indi- 
cated that the manufacturers did not 
know of any nondestructive tests that 
would provide reliable indication that a 
winding would or would not fail before 
the next scheduled outage. 
overvoltage tests were not generally 
favored. The main objection to repeated 
overvoltage testing was not the possible 
damage due to application of 150 per cent 


Repeated 


of rated voltage, but rather from acci- 
dental sources of misapplication. That is 
from distorted wave form of test voltage, 
surge voltages, or high frequency voltages 
that might result from spark gap break- 
down or from arcing if the winding failed 
during the test. 

From the foregoing information and 
our own studies it was recognized that a 
reliable method of determining the actual 
remaining life of a winding was not avail- 
able. 

The windings of the 
the Edison System vary greatly in age 
and condition. Some have just been put 
in service, and some have been operated 
without rewinding for more than 35 years. 
Load and service conditions have varied 
greatly, so that age alone is of no practical 
value for determining serviceability. 
However, it was considered necessary to: 
take some action immediately to mini- 
mize the possibility of winding failures. 
in operation, and the following program 
was adopted. 

From the case history of each winding, 
an analysis was made to determine which 


machines on 


windings could not reasonably be de- 
pended upon to operate without break- 
down. In this group were placed all 
machines whose record showed the wind- 
ings to be in poor mechanical condition, or’ 
whose windings would not carry full load 
without excessive temperature. These 
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Failure of back coil in Slot number 36 at top finger plate, 
OTE robe agT ds) eee at 0 168) sean 9.0 


fourth coil from line 


load relay opened the oil switch 


Endeavored to clear the bad coil in Phase A by cutting clear 


with bolt cutter 


5 Otel Pee te Failed 


windings were to be replaced on the next 
annual overhaul. 

It was planned to make repetitive 
overvoltage tests on these old windings 
at the time of removal. The results of 
these tests were to be used to establish a 
satisfactory overvoltage test value to be 
applied to all machines during the annual 
overhauls and to determine how many 
times this voltage could be applied with- 
out causing measurable deterioration of 
the windings. A proper voltage for such 
test should be high enough to cause fail- 
ure during test if any spot in the winding 
were seriously deteriorated, but must be 
low enough not to cause additional de- 


aa 
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terioration because of its application, 

Another object of the tests on these old 
windings was to determine if high surge 
voltages or high frequency oscillations 
would be set up either by flashover of the 
test sphere gaps or by breakdown of the 
winding under test. 


Experimental Testing for Surge 
Voltages 


Tests were made on a 17,500-kva 6.6- 
ky generator to study the effect on the 
test voltage of a spark gap flashover due 
to breakdown of the calibrating sphere 
gaps and for study of the effect of repeated 
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application overvoltage. The connections 
used for these tests are shown by Figure 
IN 

Figure 2 is an oscillograph of the test 
voltage taken to show the effect of the 
spark gap breakdown without the ma- 
chine connected. It will be observed that 
the wave form is sinusoidal before and 
after the point of gap are over. An jn- 
terruption can be seen at the peak of the 
wave where the gap arced over, and be- 
yond this point minute irregularities are 
found near the zeros of the voltage wave. 

Figure 3 was taken at the same time as 
Figure 2, but was made by photographing 
the screen of a cathode ray oscilloscope 
with a high speed camera. This was done 
to discover any high frequency transients 
that might not be shown with the mag- 
netic oscillograph. 

Figure 4 shows the effect of having the 
machine winding connected to the high 
potential test set. Note that the shape of 
the voltage wave has been distorted and 
peaked by the machine winding. 

Figure 4 also shows the effect of the 
spark gap are over. Beyond the point 
at which the spark gap arced over, there 
is a reduction in voltage due to the volt- 
age regulation of the test equipment and 
the wave form is more nearly that of a 
sine wave. These records show that the 
breakdown of the gap occurred without 
impulse voltages and without oscilla- 
tions. 

A test was next made by building up 
voltage on the machine winding, and with 
the voltage sustained, the terminal of the 
phase under test was manually grounded. 
Figures 5 and 6 show the conditions at 
the time the ground was applied. 

The winding was next tested to failure. 
The data of this test are shown in Table 
IV. Figure 7 is a record of the test volt- 
age before, at the time of, and after 
machine winding failure. At the time the 
machine winding broke down, the voltage 
immediately fell to a low value, but some 
oscillation can be seen on the oscillo- 
gram. The winding was not solidly 
grounded as is evidenced by the voltage 
building up and breaking down with 
minor oscillations every one-half cycle. 

After the voltage had been removed 
from the machine for about five minutes, 
it was reapplied, this time the winding 
broke down at a lower voltage and there 
were a few more cycles of oscillations but 
still no indication of the voltage going 
higher than it was at the time of break- 
down., The oscillogram, Figure 8, shows 
that the winding was more solidly 
grounded after this second failure, 

A 66,667-kva 11,000-volt steam turbine 
driven generator was to be rewound in 
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Figure 5. 


grounding 


Figure 6. 
as Figure 5, except made with cathode-ray oscilloscope and high-speed 
camera 


1949. Again advantage was taken to 
conduct tests to determine if transient 
voltages would result from the flashover 
of a sphere gap connected in parallel with 
a machine winding. 

Conventional high potential test equip- 
ment was used, but the record of the test 
voltage wave at the instant of gap break- 
down was made using a cold cathode-ray 
oscillograph to assure recording high fre- 
quency oscillations, if any were present. 

Figure 9 shows the arrangement of the 
equipment used in conducting these tests. 
The voltage regulator, high potential 
transformer, voltage divider and mis- 
cellaneous equipment are seen in the back- 
ground, and the cold cathode-ray oscillo- 
graph in the right foreground. 

Figure 10 shows the flashover of the 
6.25 centimeter sphere gap without the 


17,500-kva 6,600-volt generator high-voltage test. Machine 
winding manually grounded at 14.5 kv. Test voltage before and after 


17,500-kva 6,600-volt generator high-voltage test. 


Same _ Figure 8. 


test equipment. The tests were made 
after the rotor had been removed, but 
before the windings were stripped from 
the stator. The line and neutral leads 
were disconnected at the generator ter- 
minals. All voltages shown in the text 
and tables are rms values. The megger 
readings shown in the tables are actual 
readings not corrected for change of 
temperature. There was no measurable 
change of winding temperature during 
any of the repetitive overvoltage tests. 
Repeated overvoltage tests were made 
on each phase to the other two phases 
and ground. The test procedure con- 
sisted of building up the voltage from 
zero to 17,250 volts rms for 50 successive 
tests of one minute each. The voltage 
was decreased to zero between each test 
and immediately built up again to the 


Figure 7. 17,500-kva 6,600-volt generator high-voltage test. Voltage 
increased until stator winding failed. Test voltage before and after 


17,500-kva 6,600-volt generator high-voltage test. Voltage 
increased until stator winding failed. Test voltage before and after failure. 


failure 


4—— WINDING FAILED HERE 
oe OSCILLATIONS 


Second breakdown 


test voltage. For the first test in each 
group, the voltage was raised approxi- 
mately two per cent above the nominal 
test voltage to preclude the chance of 
failure during subsequent tests due to 
voltage fluctuations. 

The insulation resistance was measured 
by means of a 2,500-volt motor driven 
megger, and the capacity in microfarads 
and dissipation factor were measured 
with a capacitance bridge. These read- 
ings were taken at the beginning of each 
group of tests and after every tenth 
The results of this test 
are shown in Tables I, II, and III, 


successive test. 


The reasons for increasing in steps of 
25 per cent rated voltage on this first A 
phase test was to find the approximate 
insulation level of the winding without 
spending too much time in numerous 


generator winding connected to the test 
equipment. The oscillogram shows a 
practically smooth voltage wave during 
the period of gap flashover. 

Figure 11 shows the flashover of the 
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Repetitive Overvoltage Tests 


6.25 centimeter sphere gap, this time with 


Test 
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voltage transients or high-frequency oscil- 
lations of any consequence will result. Suh G00 areata 
Built up again to 25, 


. ea: d test 
Experimental Repetitive Overvoltage ec eee 


Built up to 23,500 volts before flashover. 


After trying to insulate at point of flashover, built 
d held for 20 seconds before flashover 

600 volts, flashover in five seconds 

at lower voltage 
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windings of a 28,000-kva, 11.0-kv gen- 


sulation to finger plate 


erator which was to be rewound. Figure 
1 shows the arrangement of high-voltage 
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* Back coil in Slot number 108 about three inches above the iron. 
occurred during the flashover in Test 9 above. 
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Puncture in insulation apparently 


tests that might be far below the level. 
After the 175 per cent tests, it was de- 
cided to increase to 200 per cent plus 100 


volts. This value was used because it was 
thought to be of interest to see if the 
winding would stand a series of tests at 
the voltage applied on a new winding of 
this rating. On the lOlst application of 
voltage, failure occurred in Slot number 
68 at the top finger plate, fourth coil from 
the line. The megger reading showed 
zero, and no reading could be obtained 
with the capacity bridge. 

It will be noted by reference to Table I 
that approximately 150 per cent of rated 
voltage was imposed on Phase A inter- 
mittently for 50 minutes, followed im- 
mediately by 175 per cent of rated volt- 
age intermittently for another 50 minutes, 
not including the time required to build 
up or to remove the test voltage. Thus, 
the winding was held at high voltage for a 
total time of 1 hour and 40 minutes, with 
only momentary rest periods between 
each test, with no evidence of injury. 
If only one 150 per cent voltage 1-minute 
test had been made each year, the ma- 
chine would not have been damaged by 
100 years of tests. 


A change of insulation resistance from 
7,000 to 10,000 megohms was measured, 
but this is not considered significant. 
The insulation resistance recorded for the 
100th test was the same as for the first 
30 tests. 

The change in winding capacity to 
ground changed from 0.157 to 0.165 
microfarad, or 5.10 per cent. 

The greatest measured change was in 
the dielectric dissipation factor. This 
increased from 4.0 to 6.1. This progres- 
sive increase in dielectric dissipation 
factor was noted in the subsequent tests 
on Phases B and C. In the case of Phase 
B, the dielectric dissipation factor went 
from 5.0 to 9.0. 

It is believed that this increase in dis- 
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Figure 9. Equip- 
ment used for high- 
voltage tests on 66,- 
667 kva 11,000- 


volt generator 


sipation factor was due to a slight in- 
crease in winding insulation temperature 
as a result of the long application of high 
voltage, and is not indicative of perma- 
nent deterioration. Attention is directed 
to the fact that after the winding had 
failed, and the megger reading dropped 
from 7,000 to 2,500 megohms, there 
was no change in dissipation factor. That 


means that an insulation power’ factor 
measurement taken before and after 
breakdown would have indicated no 
change in the condition of the winding. 
It is considered further significant that 
with no knowledge other than the final 
megger reading and insulation power 
factor reading, anyone would have ap- 
proved the machine for service. -- The 
minimum insulation resistance recom- 
mended by the AIEE rules for this 
machine would be 55.8 megohms at 25 
degrees centigrade. No standard has 
been established for maximum winding 
power factor. 

In the Phase B test, Table II shows 
that the winding endured the high voltage 
intermittently for a total time of two — 
hours. Breakdown occurred at 22,450 
volts, compared to 24,150 volts in the - 
case of Phase A which had been subjected 
to the high voltage for 1 hour and 20 
minutes intermittently. The over-all 
time of intermittent high voltage applica- 
tion for Phase C was only nine minutes 
and the breakdown voltage was 25,600. 
It might be thought from this series of 
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17,500-kva, 6,600-Volt Hydroelectric Generator 
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Per cent 3 Min. Capacity Dissi- 
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NOTE: 1. 
2. 
from Phase B winding to the rotor. 


1 During Test 18, corona was visible near finger plates. 
On Test 19, and all subsequent tests, static dischargers in streamers one inch long were jumping 


3. On Test 22, B Phase broke down to C Phase, then to ground. 


4. After failure on Test 22 
showed solid ground. 


2, voltage was built up to 21,000 before breakdown. 


After Test 23, winding 


5. Phase C could not be tested because it was involved in B Phase failure. 


—_, 


lation Testing of Synchronous Machines 


AIEE TRANSACTIONS 


- 


: 


° fo} 
° 2) 


MICROSECOND 


450- 


2° 
ro 
a 
S 


Figure 10. Flashover of sphere gap without 
generator winding connected. 66,667 kva 
11,000-volt generator tests 


tests that repeated applications of high 
voltage had weakened the winding. 
The evidence from the tests on this one 
generator however is not adequate to 
support that conclusion. It is recognized 
that the failure of insulation under dielec- 
tric stress in the range used in these tests 
is a function of time—shorter times re- 
quiring higher voltages. This effect has 
been attributed to thermal effects. Such 
effect does not necessarily produce a per- 
manent change in insulation, so that re- 
peated tests separated by time sufficient 
to allow complete cooling to the initial 
state might not have shown different final 
values of breakdown voltage. Further- 
more, this is only one machine and some 
initial difference between the condition of 
the three phases may have existed. This 
relation between time and breakdown 
voltage did not occur in other windings 
tested. This will be seen by reference to 
Table IV which gives the results of a 
similar test on a 17,500 kva 6.6-kv gen- 
erator. 

Table IV shows the results of the re- 
petitive voltage tests on Phase A and 
Phase B. Phase C could not be tested 
because it was broken down when the B 
Phase failed. 

After each application of voltage to the 
B Phase readings of insulation resistance, 
power factor and dissipation factor were 
taken. There was no real change in the 
dissipation factor. The power factor in- 
creased from 0.842 to 0.855 which is 1.5 
percent. The greatest change is found in 
the three minute megger readings. These 
are shown graphically in Figure 12. The 
amount of time that elapsed between the 
successive applications of high voltage 
was about seven minutes in each case, 
except between tests 16 and 17. Test 16 
was made at 5:09 p.m., and test 17 at 
6:15 p.m., before reapplying the high 
voltage. 

The insulation resistance increased 
aftereach test up to test 6, which was at 
250 per cent of rated voltage. The rise of 
the megger readings could have been due 
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to a slight increase in the internal tem- 
perature of the winding from dielectric 
losses. There was no measurable change 
in the surface temperature of the winding. 

It appears as if the insulation was be- 
ginning to deteriorate after test 7. There 
was no way to determine whether the 
change was due to general or localized 
change in the insulation. However, since 
there was little change in the capacity 
and dissipation factor values, which 
should be affected by the general condi- 
tion of the insulation, it is believed that 
localized deterioration was taking place. 
However, after the 1-hour rest period the 
insulation resistance increased. 

Following test 16, the test voltage, al- 
ready at 295 per cent of rated voltage, 
was increased 1,000 volts after each test. 
Figure 12 shows that the rate of decrease 
of insulation resistance is slightly greater 
from Test 17 to 24 than it was between 
Test 7 to 16. During Test 19 and all 
subsequent tests, static discharges in 
great quantity were visible and there was 
a strong odor of ozone around the gen- 
erator. 

The winding broke down at 25,000 
volts which is 386 per cent of the rated 
voltage. Although the value of the meg- 
ger readings had been decreasing stead- 
ily, the value of 2,300 megohms on the 
test just preceding the winding failure 
was still very much higher than the 
minimum value recommended by the 
AIEE Standards. For one phase of a 
machine of this rating, the minimum rec- 
ommended insulation resistance is 33.5 
megohms at 25 degrees centigrade. 

Tests were made on the stator winding 
of a 25,000-kva 11,000-volt hydroelectric 
generator to determine if the application 
of 150 per cent of rated voltage for a pro- 
longed period of time would cause an ob- 


servable decrease of winding insulation 
strength. 

Phase A was tested as follows: 150 per 
cent of rated voltage, 16.5 kv was applied 
to Phase A, and held for 30 minutes. The 
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Figure 11. 
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Figure 12. Insulation resistance versus test 
numbers of Table IV showing change of resist- 
ance as a result of overvoltage testing 


voltage was then raised 10 per cent to 
17.6 kv and held for one minute, then 
raised 10 per cent again to 18.7 kv. This 
was continued until the winding failed. 
Failure occurred at 30.8 kv, which is 280 
per cent of rated voltage, or 34 per cent 
above double voltage plus 1,000. During 
these tests, several breakdowns occurred 
from the leads to the generator frame. 
These points of failure were isolated as re- 
quired and the test continued. 

Phase C was next tested. One hundred 
and fifty per cent voltage was applied for 
one minute. Then the test voltage was 
raised in 10-per cent steps with one 
minute hold periods until the winding 
failed at 27.5 kv which is 250 per cent of 
rated voltage. The duration of the test 
was ten minutes. 

Phase B was next tested by applying 
150 per cent of rated voltage for 30 
minutes. Then the voltage was raised 
15 per cent to 18.1 kv and held for 15 
minutes, when the voltage was again in- 
creased 15 per cent. This was continued 
until the winding failed at 28.0 kv at the 
end of 120 minutes. 

The test voltages and time of applica- 
tion are shown in Table V. 

The results of these tests indicate that 
the time of application of the test voltage 
was not a significant factor affecting the 
coil breakdown value. 

The test on Phase C may be taken as 
establishing the one minute breakdown 
value for this insulation as 27.5 kv. If 
conditioning the insulation by applying 
150 per cent of rated voltage for 30 
minutes caused any deterioration, it 
would be expected that the breakdown 
voltage for the test on Phase A would 
have been lower than 27.5 ky. Actually, 
it was higher—30.8 kv. 

In the test on Phase B, the test voltage 
was kept on the winding for 120 minutes, 
about 12 times as long as the C Phase 


761 


25,000-kva 11,000-Volt Hydroelectric Generator Test Voltages and T 


Table V. Repetitive Overvoltage Tests 


PHASE A 

Time 
Ky Applied* Romarks 
WOO nrniat 80 Misi: .ars4 CHA caning eon ner 
17.6 1 3S ee OK 
NPY Gone L Mis. paces OK ond 
NHS Fate ) Min ar 2 ORAS Uk 
20.9, 42 See, Lend Mlashovet..cccc cee 
DOM eurautin 1 Min (OK, antares ns nes 
22,0.. 11 See Lead Flashover....cs eres 
2200s :00008 LMA ise OWiicn tier ek eaten 
20rhinecaare 1 Min,,....,OK 
24,2, 1 Min, OK rir 
26.8 1 Min, (9) wary caer i 
26.4 | Min OF 
27.6 | Min Ol 
28,6,, L Mision ana 
20.7 | Min i Ol 
30,8,, 17 Sec Lead Mashover 
30.8 fh Sec Lead Miashover 
30.8 27 See Winding Mailed 


O Tn, in Slot 


* Total time: 44 minutes 


test, However, the breakdown voltage 
was 28.0 ky, 

It should not be considered that only 
three tests were made, The machine 
tested had 189 coils, so there were 63 
coils per phase, Hence, the results may 


be considered as the minimum values 


obtained from testing 69 coils, one at a 
time, for each procedure, 
Irom 


tests it was determined 


(hat a value of 150 per cent of rated volt 


(hese 


age would be satisfactory for an over 
voltage test to be made on each scheduled 
The 
testing at 150 per cent of rated voltage 
was put in effect in 1945, 
testing was continued as other machines, 


overhaul, procedure of routine 


lxperimental 


scheduled to be rewound, became avail 
able, ‘The following is a list of four other 


machines which have been tested to one machine is six, Winding failures ATER Standard Number 43, April 1950, 
No Discussion 
; 
a 
wat o os .. pa , a eae 
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PHASE C 
Time 
Ky Applied** Remarks 
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” Total time: LO minutes, 24 seconds, 


failure to obtain information about the 
effects of repetitive overvoltage tests: 


One 17,500-kyva 11.0-ky hydroeleetrie gen- 
erator 

One 80,000-kyva 6.6-ky hydroelectric genera+ 
tor 

One 45,000-kva 6.6-kvy synehronous con- 
denser 

One 15,000-kya 
denser 


12.0-kv synchronous con- 


The data from the tests on these four 
machines confirm the results and conclu. 
sions of previous testing, 

Since the adoption of the overvoltage 
1945, 56. different 
synehronous machines have been reg- 
ularly the time of scheduled 
outages, Twenty-one of these machines 
The 
inaximum number of annual tests on any 


testing program in 
tested at 


have received two or more tests, 


—s 
7 
a 


4 


ime of Application 


ed 


PHASE B 
Time 
Ky Applied{ Remarks 
PSP raf 16,5 5.,,7,00 Mitac, pwc 
itty vate 18:18... ...,15 Mines.» ssi 
ify hasten 19) 8) sla ccupid CVOLI os cone! 
i rny. 21,45..,,,.15 Min...) Ok Fy 
phan Oe 98.1 ,.0ev d8 Mini pera 
warn PRY eee Cg Fete ye ()) 
Rear hier 26,4 1.557.120 Mia). craeeue 
<vee 28,05.,..... 5See, ...... Winding Failed 


6 In, in Slot 


} Total time; 120 minutes, 5 seconds. 


have occurred in seven machines during 


routine testing. In all cases repairs werg 
made without difficulty and the machinee 
returned to service after passing the 150 
per cent overvoltage test, Up to this 
time there have been no winding failures 
while machines have been in operation, 
It is believed that routine insulation 
testing as described has no ill effects on a 
good winding insulation and is effective 
for eliminating winding failures in serv- 
ce, 


References 


1, Finno TesrTine or GmHNBRATOR INSULATION, 
Edison Electric Institute Committee on Generator 
Insulation, /lecirical Engineering (ATR E Transae- 
fions), volume 60, December 1041, pages LOOB=11, 


2, RereomMenpnp Practice ror Trstrne IN- 
SULATION Rusispranerw Or ROTATING MACHINERY, 


Alternating and Direct Voltage 


Endurance Studies on Mica Insulation 


for Electric Machinery 


GRAHAM LEE MOSES 


FELLOW AIEE 


Synopsis: A program studying voltage 
endurance of various mica insulations is re- 
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cycle) stress and mechanical damage to 
mica insulation are reported. Detection of 
insulation faults is described and conclusions 
are drawn that d-c overpotential mainte- 
nance tests can be equally searching but less 
damaging than a-c overpotential tests for 
large high-voltage rotating machinery. 


HE a-c and d-c dielectric strength 

of insulations and the time-voltage 
relation of each to produce dielectric 
breakdown are questions of considerable 
interest both to the users and manufac- 
turers of electric equipment. Many in- 
vestigators have reported results of stud- 
ies on some phases of these questions; 
however, there has been no general re- 
port of the voltage endurance of mica in- 
sulations under both a-c and d-c stress. 
It was believed that such data would con- 
tribute to a better understanding of many 
insulation phenomena and might aid in 
explaining some apparently mysterious 
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occurrences during insulation tests. An- 
other reason for undertaking this inves- 
tigation was to seek a better basis for 
maintenance testing of insulation. 

The Electrical Equipment Committee 
of the Edison Electric Institute under- 
took a study of the maintenance testing 
problem in 1935, and in 1937 a special 
committee was assigned to the subject of 
“Generator Insulation and Testing.” 
The report of this committee was pre- 
sented in 1941.1 This investigation was 
confined to the destruction of older wind- 
ings which constituted large dissimilar 
samples. This made analysis of the data 
difficult. 

In 1949, L. F. Hunt and J. H. Vivian 
presented a paper? to the Edison Electric 
Institute outlining an aggressive and 
comprehensive program of maintenance 
testing. Here too the windings tested to 
destruction were older types of insulation 
and constituted large dissimilar samples. 
All these overpotential tests were with 
alternating current (60 cycles). 

The Westinghouse program was estab- 
lished to study the problems on modern 
insulation systems and components of 
controlled quality in each batch, with a 


Table 1. 


sufficient quantity of samples at each 
condition of test to establish mean di- 
electric strength levels and determine de- 
viation by statistical methods. This 
was intended as a starting point from 
which could be developed a rational pro- 
gram for testing winding insulation to 
destruction ’so that a maintenance testing 
program could be developed. 

It is gratifying to report that this pro- 
gram has developed along these lines to 
the point that such a maintenance testing 
program now is available.* It is the pur- 
pose of this paper to describe the basic in- 
vestigation of insulation breakdown as 
carried out by the author and his col- 
Jeagues in the Westinghouse Research 
Laboratory and various interested engi- 
neering departments and engineering 
laboratories. 


Comprehensive Study of Dielectric 
Breakdown and Endurance 


Realizing the lack of organized data on 
the dielectric strength and voltage en- 
durance of important machine insula- 
tions, an extensive series of tests has been 
under way for several years. This study 
has included low-voltage insulations as 
well as high-voltage insulations, plus the 
basic mica flakes. Breakdowns have been 
obtained on sufficiently numerous samples 
to ensure reasonable accuracy of average 
values and to permit determination of the 
deviation by statistical analysis methods. 
Both a-c (60-cycle) and d-c breakdown 
data have been obtained over a wide 
range of time values which in some cases 
covered the range of one microsecond to 
several months. Tests included ma- 
terials separately as well as in coils and 


Dielectric Strength Tests 


One-Minute Step Tests, Using 2-Inch Guarded Electrodes Immersed in Transformer Oil 


— 


Max. Min. Aver. 

Nominal Ratio Ratio Ratio 

Thickness, No. of No. of D-C to D-C to D-C to 

Description of Material Inches A-C Tests D-C Tests A-C Crest A-C Crest A-C Crest 
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Figure 1, Alternating voltage endurance 


curve for typical high-voltage generator insu- 
lation 


fest bars, Turthermore, substandard in 
sulation on defective coils also was stud 
ied. Vower factor studies were made on 


all high-vollave insulations studied, 


A-C and D-C Tests on Mica 
Wrappers 


‘Tests were made at Westinghouse Re 
search Laboratories on a variety of mica 
wrappers and slot cells giving some very 
interesting information concerning the 
relative ae and d-e breakdown of solid 
mica insilation at one minute time of 
voltage application, These are shown in 
Table I, These tests indicate an average 
ratio of two or more for the dee to the ae 
peak voltage, It is interesting to note 
that in no case was there a single dee 
breakdown at as low a value as the high 
est peak of an a-e breakdown, 


Alternating Voltage Endurance of 

High-Voltage Insulations 

Studies have been in progress for 
several years evaluating the ae time 
voltage relationship to produce failure on 
various forms of high-voltage tmachine 
instlations, This work formed an dn 
portant part of the development of 
Westinghouse Thermalastic insulation as 
deseribed in a recent ATMS paper’ A 
considerable amount of data has been 
accumulated concerning the voltape en 
durance characteristics of asphalt bonded 
imica tape insulation, ‘Typieal behavior 
of such instlation is shown in Migure 1, 
This applies to new insulation not sub 
jected to mechanical stresses of winding or 
operation, Irom the data it can be eon 
cluded that inereasing the (tine under 
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voltage reduces the breakdown 
voltave level of such insulation, While 
individual samples will vary widely even 


when made in the same bateh, this ap 


a( ress 


pears 10 be a basie phenomena whieh 
takes place when insulation is stressed in 
the range of a-e voltage studies, 

Mivure | indicates that the vollage log 
lime (o failure approximates a straight 
line for a range of almost 12 orders of 
magnitude in time (10% seconds to 10% 
seconds), While times to failure at lower 
stress have not yet been explored, it is 
reasonable to expeet that the curve may 
eventually flatten and beeome parallel to 
the horizontal axis al some positive stress, 
Reasonable extrapolation of the present 
data, however, appears justifiable pare 
ticularly since possible errors from this 
assumption would be on the conservative 
side, 

The approximation of the alternating 
vollaye endurance eurve whieh plots a 
straight line on semilog paper can be exe 


Figure 3, Voltage 0 
endurance teats on 
mica splittings 
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Figure 2, Alternating and direct voltage 
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pressed as the formula: 
Velog T—m4eb 
where 


Veapplied voltage in kilovolts 
7 = time in seconds to breakdown 
be voltage in kilovolts to produce failure in 
one second 
me=slope factor which is the voltage inere- 
ment in kilovolts that reduees the 
time to failure by a faetor of ten 


Direct Voltage Endurance Tests on 
High-Voltage Insulation 


Subsequently tests were made on direct 
vollage endurance of normal insulation 
similar to that in Figure | but made on a 
different bateh of insulation at a different 
time, Vigure 2 plots both a-e and d-e 
dielectric strengths for a particular batch 
of insulation, 

The flatness of the direet voltage en- 
durance curve is of considerable interest 
av it indicates that tine of direet voltage 
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application is far less significant in its 
effect on failure voltage than when a-c 
stress is applied. It further indicates that 
there is no fixed ratio of direct to alter- 
nating voltage for equal destructive ef- 
fect. It is therefore evident that if the 
concept of a d-c to a-c ratio is to be em- 
ployed it must be at a specific time of 
voltage application. For example, one 
set of samples of high-voltage insulation 
had a series of average d-c to a-c ratios as 
follows: 
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Ratio 
* Test Condition D-C/A-C Peak 
PRESTR UTM TE Ne lalcliciy 9 /siao. 6 le. see's og cdacnee 1.0 
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One hour step-by-step*................ 1.8 
Note: Al) A-C tests are 60 cycles, 
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Tests on Mica Flakes 


Studies of the voltage endurance char- 
acteristics of muscovite mica splittings 
(approximately 0.00l-inch thick) were 
made with a-c and d-c stresses. All tests 
were made in air employing 2-inch diam- 
eter electrodes (standard shape pre- 
scribed by the American Society for Test- 
ing Materials). These results are plotted 
in Figure 3. It is interesting to note that 
the slopes for both a-c and d-c stresses 
agree rather closely with that obtained 
on the high-voltage insulation (Figures 1 
and 2). This suggests that application of 
relatively high-voltage stress results in 
deterioration of the mica splittings. Since 
mica splittings are the basic constituent 
of major high-voltage machine insula- 
tion, it is reasonable to conclude that the 


Figure 5. Effect of pretesting coils and repeated testing on probability 
of failure on dielectric proof test 


time voltage relationships observed for 
a-c and d-c stresses are basic phenomena. 
Because of the known thermal endurance 
of mica, it is unlikely that the voltage- 
time effect results from thermal insta- 
bility. It is therefore probable that the 
action is the result of ionic bombardment 
by high energy particles mechanically 
eroding the basic insulation. If this is 
true it would be expected that no appre- 
ciable recovery would occur between 
test intervals. 


Effect of Repetitive Application of 
Test Voltage 


A series of a-c dielectric tests was made 
on 0.010-inch thick glass backed mica 
wrapper, such as used on low-voltage 
coils, This included not only dielectric 
breakdown at various times of voltage ap- 
plication but repeated 1-minute applica- 
tions of voltages at various percentages of 
the average 1-minute dielectric strength 
of the materials. Test results are shown 
in Figure 4. 

It was found that repeated 1-minute 
applications of voltage ultimately pro- 
duced breakdown of the insulation even 
when the voltage was less than 65 per cent 
of the average 1-minute step-by-step 
hold strength. Furthermore, it was ob- 
served by these tests that the voltage en- 
durance of this material was essentially 
the same whether the voltage was applied 
continuously or intermittently with rest 
periods between repeated voltage applica- 
tions. From this it was concluded that for 
this form of insulation, repeated applica- 
tions of test voltage are cumulative in effect 
and that recovery between repeated ap- 
plications of voltage is not a significant 
factor in establishing the ultimate time to 
breakdown. 


Figure 6. Effect of repeated dielectric proof tests shown on log proba- 
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Figure 7. Repeated alternat- 
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Repetitive Tests on High-Voltage 
Coil Insulations 


Several years ago a large number of 
high-voltage coils were rejected by the 
quality control program as having mar- 
ginal insulation strength. A number of 
different kinds of tests were made on the 
ground insulation including: surge tests, 
rapid rise tests, l-minute step-by-step 
tests, and longer time tests. One series of 
these tests studied the effect of repeated 
tests at a lower voltage than the original 
proof test. 

Twenty of these coils were selected for 
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Figure 8. Effect of sustained a-c stress (6.6 

hours at 35 kv) on a-c and d-c step-by-step 

dielectric strength (1-minute hold values) of 
high-voltage insulation 
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repetitive application of voltage. The 
20 coils consisting of 40 test specimens 
(each side being considered a specimen) 
were first given a 45-kv 1-minute proof 
test. Fourteen out of 40 coil sides failed 
this test. Thereafter, the remaining coil 
sides were tested repeatedly for one 
minute at a lower voltage (43 kv) than the 
original 45-kv proof test. The results of 
this test are shown in Figure 5. 

In further analyzing the effects of the 
repeated tests, the data from Figure 5 
was replotted on logarithmic probability 
paper as Figure 6 wherein the cumulative 
number of coil elements holding the 43-kv 
test was plotted as a function of the 
logarithm of the number of test applica- 
tions. It is of considerable interest that 
this curve on logarithmic probability 
paper becomes a straight line. This in- 
dicates that the probability of failure on 
each repeated test was essentially the 
same as for the first test. 

From this series of tests, it can be seen 
that the application of a higher proof test 
than the subsequent repetitive tests did 
not weed out the weak insulation so as to 
significantly improve the dielectric level 
of the batch. The probability of failure 
on each of the repetitive 1-minute 43-kv 
tests was unchanged on successive ap- 
plications of voltage. The conclusion 
drawn from these tests is that dielectric 
tests approaching the breakdown level of 
the insulation are not only damaging but 
do not change the probability of failure of 
the batch on subsequent similar tests. 


Further Testing with Alternating 
and Direct Current on High- 
Voltage Insulation 


Many months later this work was con- 
tinued with a new batch of 50 specimens 
with 13.8-kv insulation. These were 
divided into seven groups of seven speci- 
mens each by random sampling. The 
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groups were tested by several methods 


with the results shown in Table II. 

Figure 7 shows the average a-c held 
voltages at 1-minute and 1-hour duration 
on a replot of the earlier test data, Figure 
1. This shows excellent agreement. The 
d-c hold level is shown superimposed on 
this curve. 

Figure 8 presents the data on the reduc- 
tion in average dielectric level as the re~ 
sult of prolonged a-c stress (6.6 hours at 
35 kv) as determined by both a-c and d-c 
tests to destruction (1-minute step-by- 
step tests). Here it is evident that the 
prolonged a-c stress reduces the dielectric 
strength of the insulation specimens. It is 
of considerable interest that such deg- 
radation is more readily detected by d-c 
tests than by a-c tests! 

Complete power factor data was ob- 
served on specimens before dielectric 
stress was applied and where possible after 
prestressing before final breakdown. No 
correlation was observed between power 
factors and dielectric strength. 


A-C and D-C Dielectric Strength of 
Air 


It is well established that in a uniform 
field such as a sphere gap, the breakdown 
of gases is the same for direct voltage as 
the crest of the alternating voltage (AIEE 
Standard number 45). 


Detection of Complete Rupture in 
Mica Insulation 


The extreme form of insulation fault 
which must be detectable by a main- 
tenance test is a complete rupture in the 
insulation barrier as a result of mechanical 
damage. A test not capable of detecting 
such a fault is not acceptable according to 
the principles set forth in AIEE Report 
number 51 Guiding Principles for Dielec- 
tric Tests.® 

Therefore, tests were made on mica in- 
sulation with a complete puncture to de- 


Table Il 


I tcc One-minute step-..54.3 kv rms avg. 


by-step a-c test 
to breakdown 
De eee One-minute step-. 
by-step d-c test 
to breakdown 
bE nie One-hour step-by-. 
step a-c test to 
breakdown 
4-5-6....Stressed continu-. 
Combined ously at 35 kv 
a-c (rms) until 
1/3 of specimens 
failed 
1/2 of bal-. ,One-minute step-.. 
ance by-step a-c test 
4-5-6 to breakdown 
1/2 of bal-..One-minute step-.. 
ance by-step d-c test 
4-5-6 to breakdown 


hold 
o=8.6 


. 158.6 kv avg. hold 


o=14.5 


.38.6 kv avg, hold 


o0=5 


. Hours to failure 


0.34-1.68-4.1-— 
4.13-4.8-5.9- 
6.6 


51.4 kv avg. rms 
hold 

o =7.56 

125.7 kv avg. hold 

o=31.3 
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termine the relative searching effect of 
alternating and direct current in the de- 
tection of a complete rupture in the 
ground wall. Mica plate was employed 
for these tests. Samples selected were 
0.063, 0.140, and 0.180 inch thick, each 
12-inch square mica plate had nine 
1/16-inch holes drilled completely through 
it. Standard American Society for Test- 
ing Materials electrodes were placed on 
either side of the plate and dielectric 
breakdowns obtained through the 1/16- 
inch holes with both alternating and 
direct current. The results are plotted 
in Figures 9 and 10. Both curves contain 
data for the equivalent air spacing break- 
down in a uniform field for reference. 

From this group of tests, it can be con- 
cluded that for the detection of complete 
ruptures in the ground wall of mica in- 
sulation a d-c test voltage of 1.5 to 1.7 
times the a-c rms voltage necessary to de- 
tect the fault will have equal searching 
effect. 


D-C Tests on Coils with Damaged 
Insulation 


Coils with conventional 11-kv insula- 
tion were cut up into short lengths as test 
specimens. These samples were bent 
when at room temperature 15 degrees in 
one direction, then 15 degrees in the op- 
posite direction, and then straightened. 
Several samples were tested with a special 
30-ky d-c tester (Takk model 95). Failure 
was observed at the voltages given in 
Table III. 

After these tests it was found that ap- 
proximately the same voltage as before 
was required to produce failure on sub- 
sequent tests. This indicated that the 
original failures were due to creepage 
through the torn insulation and that no 
puncture of solid insulation occurred and 
that no tracking of creepage surfaces re- 
sulted from the test failure. 

A complete coil insulated for 11 kv was 
damaged by severe hammer blows on the 
corner of the slot insulation. The insula- 
tion withstood a d-c test until 30 kv was 
reached. Failure occurred by current 
runaway and collapse of the voltage. Re- 
application of voltage produced excessive 


current. This indicated that there was 
Table Ill 
Failure Voltage 
Sample No. (D-C), Kv. 
BUMPiie sms ati sie sceae 
Dee caalavess vis <0. 12{ (Slowly rising voltage) 
Reta yp eeiais.i'oisia « 20 
See isvoxele avale-sca\es 17 
BT snc iacatsbacirxiet.s 15 (After holding 1 minute) 
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solid insulation in series with crushed in- 
sulation at the point of failure. 


Pros and Cons of D-C Testing 


Some limitations and objections to the 
use of d-c overpotential tests have been 
as follows: 


1. Mechanism of failure is different with 
alternating and direct current. 


2. Voltage distribution over end windings 
is different with alternating and direct 
current. With direct current the voltage 
appears farther out on end windings beyond 
core. This is aggravated by conducting 
dirt on insulation surface. 


3. Residual charge on windings is persis- 
tent and may be hazardous to personnel. 


Direct current overpotential testing is 
desirable as a maintenance procedure be- 
cause the accumulated evidence indi- 
cates that it is searching for insulation de- 
fects of the sort that should be detected. 
Furthermore, these studies have shown 
that a d-c overpotential test has neg- 
ligibly small deteriorating influence on 
good insulation as compared to an a-c 
test of equal searching effect. The follow- 
ing comments refer to the foregoing ob- 
jections and limitations: 


1. Difference in failure mechanism is not 
objectionable but is desirable for a non- 
destructive test if the test is satisfactorily 
searching for the type of insulation fault to 
be detected. 


2. Differences in voltage distribution exist 
but have not been found to be a problem on 
a considerable number of large high-voltage 
windings tested with direct current. The 
difference makes the d-c test more searching 
in the end windings than a corresponding a-c 
test but has not yet produced a failure on 
good insulation. 


8. Residual charges on windings can be 
dissipated easily in a relatively short time. 
Experience has shown that careful operation 
by the tester can reduce this hazard so that 
it is practically nonexistent. 


For small apparatus which has low 
capacitance from the windings to ground, 
a-c test equipment is readily portable as 
the size of the test transformer is not im- 
portant. On larger and higher voltage 
apparatus where the capacitance of the 
winding to ground is large, the test 
equipment for overpotential testing with 
alternating current becomes quite large 
and maintenance testing presents serious 
test equipment transportation problems. 
On the other hand, d-c overpotential test 
equipment is available which is quite 
small and readily portable. (Westing- 
house uses Takk Corporation equipment 
of three direct voltage ranges, 15 kv, 45 
kv, and 75 kv.) Such test equipment 
would be desirable in many ways as a 
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Figure 9. Detection of pin holes in mica plate 
with a-c test 


voltage source for testing large high- 
voltage machines, provided the d-c test 
was satisfactory and accepted by the in- 
dustry. Alternating current overpoten- 
tial testing usually involves no current 
measurement and therefore must be 
destructive to detect faults. On the other 
hand, d-c testing makes leakage current 
measurement easy. Furthermore, the d-c 
leakage current is not masked by charging 
current as is the case with a-c testing. 
There has been considerable interest in 
d-c maintenance testing for many years, 
especially on large high-voltage equip- 
ment, and many engineers have used and 
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Figure 10. Detection of pin holes in mica 
plate with d-c test 
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recommended such tests. No statement 
in this paper is intended to imply that d-c 
overpotential testing is new or different 
from previous concepts except in so far as 
the relative searching and damaging 
effects with respect to a-c tests. The 
data presented herein and the opinions 
expressed are offered with the hope of 
providing a rational basis for establishing 
some standardized basis for d-c overpo- 
tential testing, especially as a mainte- 
nance procedure on large high-voltage 
windings, 


Conclusions 


I. Testing mica insulation with alter- 
nating current at voltages near the ulti- 
mate dielectric strength of the system is 
damaging. 

2. Repeated a-c testing under such 
conditions produces cumulative damage 
with consequent reduction in dielectric 
strength even at voltages far below the 
strength of the insulation. 

3. Prolonged testing at alternating 
voltages far below the intrinsic short time 
dielectric strength of insulation produces 
an observable reduction in dielectric 
strength. 

4, Repeated testing of insulation does 
not change the probability of failure on 
repeated tests, unless the specimens fail- 
ing the first test are not typical of the 
batch (such as may be occasioned by 
mechanical damage). 

5. Solid mica insulations such as em- 
ployed in machinery have a d-c to a-c 
peak voltage breakdown ratio consider- 
ably greater than one except at very short 
time of voltage application, This ratio is 
not constant between materials of similar 
construction and varies with time of 
voltage application. 

6. The searching effect of alternating 
and direct current through holes in solid 


Discussion 


L. O. Dorfman (Ebasco Services, Inc., New 
York, N. Y.): The difficulties encountered 
im obtaining satisfactory results in the 
endurance testing of insulating materials of 
the type discussed in the paper are well 
known. The author is therefore to be con- 
gratulated for selecting such procedure and 
tests as to bring out the relative searching 
effects of direct current versus alternating 
current and to secure a measure of the dam- 
xging effect of each type of potential. 

Mr. Moses has pointed out that consider- 
able interest has existed for many years in 
connection with d-c maintenance testing of 
imsulation on large high-voltage equipment. 
While the general feeling had developed, as 
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insulation is of the same order. How- 
ever, at the greater spacings (0.100 inch 
or more), direct current appears to be 
somewhat less effective than the equiva- 
lent a-c peak voltage with an indicated 
ratio of 1.5 to 1.7 (d-c to a-c rms) for equal 
searching effect. 

7. No significant correlation was ob- 
served between power factor and dielec- 
tric strength (either alternating or direct 
current) on high-voltage insulation speci- 
mens. 

8. Direct current tests can be used as 
maintenance tests to give assurance of the 
absence of likely insulation weakness with 
the possibility of reduced damage to good 
insulation. For example, a d-c test of ap- 
preciably greater voltage than would 
break down the equivalent gas spacing 
would give assurance of the presence of in- 
tervening solid insulation. 

9. Direct current overpotential tests 
are less damaging than a-c tests when both 
are the same percentage of the ultimate 
dielectric strength of the insulation be- 
cause of the difference in slope of their 
respective voltage endurance curves. 


Recommendations 


It is recommended that 1.6 be recog- 
nized as a reasonable ratio of d-c to a-c 
rms voltage (at 1-minute voltage applica- 
tion) for equal searching effect in over- 
potential testing of solid mica insulations 
in large electric machinery. 

It is further proposed that the following 
formula for a maintenance overpotential 
test value for large machine windings be 
considered and tried out in service. 


Em=(2E+1,000) 65 per cent X 1.6 
where 


Em=direct voltage for maintenance test of 
1-minute duration 
E=rated voltage of machine 


“ 
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a result of much of this testing, that d-c 
testing is less damaging to coil insulation 
than a-c testing, nevertheless, the relative 
influence of the d-c testing compared with 
a-c testing has not been very well known. 
No doubt, the final word has not yet been 
spoken in that connection, but the evidence 
presented in the paper appears to be much 
more conclusive than that offered in the 
past. Perhaps further investigation will 
lead even more directly to interpretation of 
the effects of d-c testing in terms of the 
ability of the insulation successfully to with- 
stand a-c operating potentials. 

The operators of large rotating equipment 
undoubtedly will welcome the information 
contained in this paper as a further step 
toward satisfactory testing of coil insula- 
tion. It is hoped that maintenance testing 
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data from operating sources will prove out 
the ratio of direct to alternating voltages for 
best results in preventing machine outages 
through insulation failure. The suggested 
ratio of 1.6 should be tried where testing is 
indicated as advisable and careful collection 
of such data and results should prove to be 
valuable. 


| 
| 


E. H. Tovee (Canadian Westinghouse Com- 
pany, Limited, Hamilton, Ont., Can.): Mr. 
Moses’ paper has provided very valuable 
and much-needed information on the rela- 
tionship between a-c and-d-c test values. 
For more than eight years d-c testing has 
been used by the Canadian Westinghouse 
Company in the testing of large generator 
windings. 

Early in World War II the demands for 
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electric power became so great and the pro- 
duction of generator equipment was re- 
quired so urgently that it became necessary 
to assemble and wind a large proportion of 
our generators in the field. In some cases, 
work was under way on the generators be- 
fore there was even a roof on the power 
house. Under these conditions the trans- 
portation of testing transformers and the 
supply of enough power to operate these 


“transformers became very difficult, and in 


1942) Mr. H. H. Lang, our service depart- 
ment manager, introduced the use of d-c 
test equipment which was quite portable 
and required a very small amount of power. 
Not having the data which have now been 
made available by this paper, we used a fac- 
tor of 1.4 times the alternating test voltage. 
No subsequent failure of ground insulation 
on any of these coils has yet been encoun- 
tered except where mechanical damage or 
disturbance of the coil also were present. 

A majority of the generators installed 
since 1942 have been tested with direct cur- 
rent; it was found that the direct current 
was very effective in weeding out any coils 
which had been damaged mechanically in 
shipment or assembly, and the excellent 
service record of these generators has indi- 
cated the effectiveness of the test in pick- 
ing out such damaged coils. Since all coils 
receive an a-c test during manufacture, the 
main purpose of the final field test is, of 
course, to pick out damaged insulation. 

We recently had, however, our first indica- 


tion of the desirability of the factor of 1.6. 


Mechanical damage of a rather unusual type 
had been done to two coils in such a way 
that there apparently was a fair amount of 
good insulation left coupled with some creep- 
age distance. These coils passed a d-c 
momentary test when being placed in the 
stator, but failed at 45 seconds and 50 
seconds, respectively, on a final a-c test. 
Mr. Moses’ paper indicates that these coils 


1951, VoLuMEB 70 


Table |. One-Minute Over-Potential Test 
Voltage for A-C and D-C Armature Windings 


—— 


A-C (RMS) D-C 
Test Test 
New winding.......... 2£+1,000..... 3E+1,500 


Winding in service..... 1!,3£+600..... 2E+1,000 


certainly would have been caught by a 
higher direct voltage; possibly a full- 
minute test at the 1.4 value also would have 
caught the defects. 

Direct-current testing also has been 
found useful in the testing of metal-clad 
switchgear and other equipment. 


R. W. Wieseman (General Electric Com- 
pany, Schenectady, N.Y.): This paper 
gives some interesting a-c and d-c dielectric 
strength data on several kinds of mica insu- 
lation obtained from samples and coils. 
From these data it is recommended that 1.6 
be recognized as the ratio of the d-c and a-c 
rms l-minute voltage test for mica windings 
of large machines. It also is proposed that 
the direct test voltage for mica windings in 
service should be 1.04 (2E + 1,000). 

In Figures 9 and 10 of the paper the ratio 
of the direct and alternating rms voltage 
strength of air varies from 1.1 for a 63-mil 
air space to about 1.66 for a 180-mil air 
space. Also, it is of interest to note that at 
an air space of 63 mils, the a-c peak is about 
1 kv higher than that of the direct voltage. 

The overpotential test for machines in 
service should be a conservative voltage 
which can be applied to all types of armature 
windings. From the viewpoint of surface 
creepage, an a-c winding with a long end 
portion is the least vulnerable, whereas a d-c 
winding is usually the most vulnerable. 


Since the surface creepage voltage strength 
depends somewhat on the foreign matter on 
the winding surface, on the length of the 
winding end portion, and on the voltage 
strength of air, the ratio of the direct and 
alternating rms 1-minute test voltage for all 
windings should be about 1.5 regardless of 
the voltage strength of the various com- 
ponents of winding insulation. 

Since the 1-minute a-c proof test for new 
windings is the same for both a-c and d-c 
armature windings, it should be desirable to 
have the same test voltage for both a-c and 
d-c windings in service. On this basis, a sim- 
plified table of test voltages is recommended 
in Table I of this discussion. 

The test voltages for windings in service, 
namely, the a-c rms test of 1!/sE + 600 and 
the d-c test of 2E + 1,000, have been pub- 
lished,! and they have been used for some 
time. It is of interest to note that the a-c 
proof test for new windings is the same as the 
d-c test for windings in service. This should 
be a desirable feature. 
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Graham Lee Moses: The response of vari- 
ous discussers is very gratifying. There 
appears to bereasonable agreement that the 
data presented contribute to a better under- 
standing of some insulation problems asso- 
ciated with overpotential testing. No seri- 
ous disagreements are evident in the tenta- 
tive d-c to a-c test value ratios for equal 
searching effect. It is hoped that similar 
data will be reported in the future by others 
and that such experience will lead to recog- 
nition of d-c overpotential tests for certain 
applications. 
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Sealed Ignitron Rectifiers for Urban 


Transit Power Supply 


DAVID W. BORST 


ASSOCIATE AIEE 


Synopsis: Today, the mercury arc rectifier 
has virtually superseded the older forms of 
conversion equipment for supplying power 
to trolley coach and street railway transit 
systems. The present trend when selecting 
a rectifier rated 1,000 kw or less is to choose 
the sealed ignitron type. The sealed igni- 
tron rectifier is metal-enclosed, which makes 
possible a unit substation type of equip- 
ment when it is combined with metal- 
enclosed switchgear. This gives increased 
safety to personnel and a reduction in 
installation cost. A number of substation 
arrangements are possible, including instal- 
lation of part or even all of the equipment 
outdoors in weatherproof enclosures, thus 
reducing building costs. Operating ex- 
perience with close to 4,000 sealed ignitron 
tubes has demonstrated that they can be 
expected to have an average life of at least 
six years. Their 1-minute rating of 200 
per cent load is more than adequate to 
handle an urban transit load composed of a 
number of small increments, where diversity 
serves to reduce the magnitude of peak 
swings. In keeping with the smaller equip- 
ment ratings possible with sealed ignitrons, 
light-duty switchgear has been introduced 
having the necessary current and inter- 
rupting ratings at lower initial cost. The 
high reliability of rectifiers makes it pos- 
sible in many cases to install a single-unit 
substation where before two smaller con- 
version units would have been used. 
Operators are beginning to recognize this 
and to take advantage of the savings this 
accomplishes. Where larger concentrations 
of power are required than can be provided 
by a single 1,000-kw rectifier, two or more 
sealed ignitron rectifiers may be operated 
in parallel. Heavy-duty drawout metal- 
enclosed switchgear is available for such 
installations. If the ultimate bus capacity 
of the installation exceeds 2,250 kw, high- 
speed switchgear should be used to protect 
the rectifier transformers from excessive 
winding stresses during are backs. 


URING THE past 20 years the mer- 
cury arc rectifier has been chosen 
more and more often as the conversion 
equipment for 600-volt urban transit 
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substations, until today it has virtually 
superseded the motor-generator set and 
synchronous converter for this service. 
Higher efficiency at all loads, greater re- 
liability, and adaptability to fully auto- 
matic unattended operation, together 
with lower installation and operating 
costs, have contributed to the great popu- 
larity of mercury arc rectifiers. 

The earliest rectifiers used in the 
United States for transportation substa- 
tions were the pumped multianode type, 
where the rectifying action takes place in 
a vacutm chamber containing 6 or 12 
anodes, evacuated by a continuously 
operating pumping system, Later, the 
development of the ignitor method of 
cathode spot excitation made possible the 
introduction of the pumped ignitron 
rectifier composed of a number of vacuum 
chambers, each containing a single anode. 
This construction makes possible a recti- 
fier which is easier to service, and also per- 
mits a significant reduction in the length 
of the mercury arc, thereby reducing the 
are losses and improving the rectification 
efficiency. 

The next logical step in reducing the 
complexity of the ignitron rectifier was to 
seal off the vacuum chamber and thereby 
eliminate the vacuum pumping system 
and its attendant maintenance problems. 
Permanently evacuated glass bulb multi- 
anode rectifiers have been built since the 
mercury are rectifier was developed 50 
years ago. However, the permanently 
evacuated rectifier did not gain popularity 
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in the United States until the introduction 
in 1936 of the sealed ignitron rectifier tube 
with metal envelope. Because this tube is 
far stronger than the fragile glass bulb 
rectifier, and because each anode is con- 
tained in an individual envelope which 
can be replaced at less cost than a glass 
bulb with many anodes, the sealed igni- 
tron rectifier has found wide acceptance 
for rectifiers of moderate size. 


Sealed Ignitron Rectifiers 


Sealed ignitron rectifiers are now avail- 
able for use in 600-volt trolley coach and 
street railway substations in ratings up to 
1,000 kw. These rectifiers offer several 
advantages over pumped ignitron recti- 
fiers for this type of service, some of which 
are: lower equipment first cost; lower 
maintenance and operating cost; and 
metal-enclosed construction. 

Metal-enclosed construction results in 
a unit-substation-type equipment having 
lower installation cost, reduced floor space 
requirements, and greater safety to oper- 
ating and maintenance personnel. Metal- 
enclosed construction also makes possible 
the construction of sealed ignitron recti- 
fiers in weatherproof enclosures for out- 


Figure 1. 
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Sealed ignitron rectifier section 
rated 1,000 kw in 600-volt transportation 
service 
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door installation, thus eliminating en- 
tirely the cost of a substation building. 

A rectifier unit employing six sealed 
ignitron tubes and rated 1,000 kw at 600 
volts direct current in transportation serv- 


ice is shown in Figure 1. The tubes are 
installed in a metal enclosure which can be 
made part of a unit d-c substation. Such 
substations consist of units completely 
co-ordinated at the factory, and include 
all the materials required for intercon- 
necting them during installation. This 
construction obviously shortens installa- 
tion time and reduces installation costs. 


Substation Arrangements 


Of the various possible substation ar- 
rangements, the one usually considered 
basic is shown in Figure 2. This rectifier 
equipment, rated 500 kw, consists (left to 
right) of the a-c primary metal-clad 
switchgear, the rectifier transformer, the 
rectifier section, and, on the far right, the 
d-c switchgear and control section. These 
units are bolted together during installa- 
tion to form a single metal-enclosed as- 
sembly, and all interconnecting power and 
control conductors are furnished by the 
manufacturer. The purchaser provides 
only the power circuits in and out, and the 
cooling water supply and drain connec- 
tions. 

D-c feeder circuit breakers usually are 
required, and these can be bolted directly 
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Figure 2 (left). Unit d-c 
substation rated 500 kw 
having a-c switchgear, trans- 
former, rectifier, and d-c 
switchgear 


Figure 4 (right). Rearview 
of substation with two 
1,000-kw rectifiers 


to the d-c switchgear and control section. 
However, this results in a rather long and 
narrow assembly which does not always 
allow an economical building arrange- 
ment. A convenient way to rearrange the 
equipment is to locate the feeder switch- 
gear separately from the rest of the 
equipment. This arrangement is shown 
in Figure 2; the feeder switchgear is the 
separate assembly shown in Figure 3. 

Another possibility is to install por- 
tions of the equipment outdoors, as this 
reduces the size of the substation build- 
ing. Figure 4 shows the rear of a sub- 
station that contains two 1,000-kw recti- 
fiers. The rectifier transformers shown 
are connected to the rectifiers inside the 
building by bus ducts. One of the recti- 
fiers is shown in Figure 5 and consists 
(left to right) of two feeder circuit break- 
ers, a cathode circuit breaker, auxiliary 
control, and the 1,000-kw rectifier section 
shown in Figure 1. In an installation 
such as this one the primary a-c switch- 
gear could be installed either inside or 
outside the substation building; in the 
particular substation shown an outdoor 
oil circuit breaker was selected. 

Figure 6 shows another substation 
where both the rectifier transformer and 
the a-c switchgear are installed outdoors. 
In this case the alternating voltage is less 
than 15 kv, permitting the use of out- 
door metal-clad switchgear. This is con- 
nected directly to the rectifier trans- 


Figure 3 (left). Separate 

d-c feeder assembly for 

rectifier unit shown in Fig- 
ure 2 


Figure 5 (right) One 

1,000-kw rectifier, located 

in substation shown in 
Figure 4 
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former, and a bus duct connects this to 


the rectifier. Figures 7 and 8 are photo- 
graphs taken inside this substation. The 
rectifier is cooled by a water-to-air heat 
exchanger instead of by tap water, and 
the section on the right of the rectifier 
houses the cathode circuit breaker and 
control. The feeder circuit breakers are 
installed by themselves in another part of 
the building in order to make it of mini- 
mum size. 

It is but a short step from the substa- 
tion just shown to a substation employ- 
ing equipment which is entirely weather- 
proof, thus eliminating the need for a 
substation building. Figure 9 shows a 
1,000-kw rectifier constructed along this 
line. The arrangement of equipment 
here is similar to that in Figure 2. The 
section to the right of the rectifier is a 
water-to-air heat exchanger, and the unit 
on the right end contains most of the 
rectifier control equipment, including the 
control for the regenerative power-ab- 
sorbing resistor mounted on the roof of the 
substation. 

Figure 10 shows another installation of 
outdoor equipment, this one consisting of 
two 500-kw rectifier equipments. 


Sealed Ignitron Performance 


Since the sealed ignitron tube must be 
discarded when it no longer performs ac- 
ceptably, tube life has an important 
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Figure 6. Outdoor metal-clad switchgear 
and transformer for 1,000-kw rectifier 


bearing on the economy of a sealed igni- 
tron rectifier installation. The tubes are 
constructed largely of stainless steel, 
glass being used only for the main anode 
insulator, and the smaller lead-in in- 
sulators for the ignitor and other con- 
trol elements. Depending upon their 
rating, the tubes have a 2- or 3-year war- 
ranty period, and in addition a warranted 
1-year shelf-life period. 

Actually, the best indication of tube 
life expectancy can be obtained from field 
experience. Field experience with the 
largest sealed tube which is rated (nomi- 
nally) 300 amperes now is entering its 
fourth year, and to date less than two per 
cent of the nearly 300 of these tubes 
which have been in service have failed. 
Tubes rated (nominally) 150 amperes and 
75 amperes (at 600 volts direct current) 
have been used in increasing numbers 
during the past ten years until at present, 
in 1950, there are approximately 3,500 
in service. 

A comprehensive study of tube life 
conducted in 1948 revealed that of the 
tubes installed five years previously, more 
than half were still in service. The per- 
centage of tubes still in service after a 


Figure 7. Rectifier, heat exchanger, and d-c switchgear in 


substation shown in Figure 6 
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Figure 8 (center). 
Figure 9 (right). 


given period at that time is shown in 
Figure 11, Subsequent tube life experi- 
ence and continual improvements in tube 
and equipment design now indicate that 
even better tube performance can be ex- 
pected. 

Based on the evidence so far avail- 
able, it appears conservative to estimate 
that the average life of a sealed ignitron 
tube is in excess of six years. 

Early pumped multianode rectifiers 
had a rating of 150 per cent for two hours 
and 200 per cent for one minute. Later, 
pumped rectifiers were improved to where 
they could be rated 300 per cent for one 
minute. Sealed ignitron tubes usually are 
applied so that sealed rectifier units are 


‘rated 200 per cent load for one minute. 


For trolley coach and street railway serv- 
ice this overload capacity is more than 
sufficient to handle the peak swings en- 
countered, even during periods when the 
rectifier is carrying its rated 2-hour load 
of 150 per cent. The reason for this is 
that the load in urban transit service 
consists of a considerable number of small 
increments, only a few of which will be at 


Figure 10. 
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Separate d-c feeder assembly for rectifier shown in Figure 7 


Outdoor weatherproof unit d-c substation rated 1,000 kw 


their peak value at any given time. For 
example, Figure 12 is a diversity curve 
for trolley coaches showing the peak 
swings that are to be expected from vari- 
ous numbers of vehicles.' From this 
curve, which is based on measurements 
taken on several feeder circuits supplying 
trolley coaches, it is apparent that, as 
the number of coaches operating in- 
creases, the peak swings approach the 
average current required by the coaches, 
assuming the average power consumption 
of each coach is 55 kw. 

Table I is based on these data and 
shows the maximum current to be ex- 
pected at various sizes of substations when 
there is a sufficient number of coaches in 
operation to represent an average load 
equal to the 2-hour overload rating of the 
substation. 

Another factor which favors the use of 
sealed ignitron rectifiers is the duration of 
these load swings, which usually is less 
than ten seconds. Thus, a l-minute rating 
of 200 per cent load is more than ade- 
quate for the service conditions encoun- 
tered in urban transit work. 


Installation with two 500-kw outdoor rectifiers 
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Construction and Selection of D-C 
Switchgear 


Several types of metal-enclosed d-c 
switchgear seen in the preceding illus- 
trations will now be described more fully. 
The d-c switchgear shown in Figures 7 
and 8 makes use of the familiar 2,000- 
ampere semi-high-speed d-c_ circuit 
breaker mounted in a fixed position in the 
rear and near the top of each switchgear 
unit. Recently this circuit breaker has 
been mounted on a truck, thereby giving 
it the added feature of drawout construc- 
tion. ; 

Figure 13 shows such a circuit breaker 


D-C Switchgear Enclosure 
Grounding 


To minimize the damage from the oc- 
currence of an accidental ground in metal- 
enclosed d-c switchgear where the nega- 
tive conductor is grounded, as in most 
transportation systems, the enclosures 
for the rectifier and all d-c switchgear 
are designed to be insulated from ground 
but grounded through the coil of a ground 
fault detector relay. In the event of an 
accidental fault between a positive con- 
ductor and the enclosure, this relay is ac- 
tuated and it instantly opens all d-c and 
a-c circuit breakers. This action, com- 


Table | 
Substation Rating Number Current Taken by Load 
Continuous 150% 2 hours, 200% 1 minute, of 
Kilowatts Amperes Amperes Coaches Average 
BM Meat fee ‘ole aux, v.90 sce HDs Des oe tinverniisy shake dine DOO Tavcccatstea steers, SOR Te Siena, eee DROS ee sitnse ses 
6. ASE BF So ebisen asta iatai taser 25 DOO). i. ctaleinamtaaets Pe Repeller case Ni Sb ier or yee 
1,000. DOOM As. 8, niletae ne Neero sid x. dine mteyn teen + Ge IRN Ae ae Re Boe hicdsicws tala 


being inserted in its housing. 

Drawout, construction facilitates serv- 
icing the d-c circuit breaker, since a 
spare unit may be kept on hand and sub- 
stituted for a circuit breaker which re- 
quires servicing. The d-c switchgear 
shown in Figure 5 is of the drawout type; 
the circuit breakers are removed from the 
side of the equipment opposite that shown 
in the illustration. 

There is a field of application for metal- 
enclosed d-c switchgear having smaller 
current ratings and lower interrupting 
capacity than the heavy-duty switch- 
gear just described, and light-duty switch- 
gear has been developed for this purpose. 
The d-c switchgear shown in Figures 2 
and 3 is of this type. 
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bined with the resistance of the relay 
coil, which limits the fault current, effect- 
ively prevents more than minor damage. 
Single-Unit versus Multiple-Unit 
Substations 


The high order of reliability of rectifiers 
now makes it possible in many cases to 
utilize single-unit substations, whereas 
heretofore two or more smaller conversion 
units would have been installed at each 
location. Operators are beginning to 
recognize this and to take advantage of 
the saving which results. 

Where greater substation capacity than 
can be provided by a single unit is re- 
quired, or where the very best reliability 


Borsi—Sealed Ignitron Rectifiers 


Figure 11 (left). 


12345 6 7 8 910 II (2 13 14 15 16 17 18 19 20 
NUMBER OF GOACHES 


TROLLEY COACH DIVERSITY CURVE 


Survival curve of sealed ignitrons 


Figure 12 (above). Trolley coach diversity curve 


is required, two or more sealed ignitron 
rectifiers may be operated in parallel. 
In this event the choice of d-c switchgear 
is influenced by the total d-c bus capacity, 
heavy-duty switchgear being used in the 
larger substations, as in Figure 5. When 
the ultimate substation d-c bus capacity 
exceeds 2,250 kw (3,750 amperes) high- 
speed switchgear should be used for the 
rectifier. High-speed switchgear is re- 
quired under these conditions to reduce 
the internal stresses in the rectifier trans- 
formers during are backs, thereby avoid- 
ing premature transformer failures. 
Either high-speed anode or high-speed 
cathode switchgear may be used to pro- 


Metal-enclosed d-c switchgear 
with drawout circuit breaker 


Figure 13. 
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vide the required protection, In many 
instances substations larger than 2,000 


kw are not required. 
Conclusions 


This paper has endeavored to show the 
present-day trend in rectifier substation 
equipment for urban transit power sup- 
ply when the unit ratings are 1,000 kw 
and less. ‘The trend appears to be toward 
sealed ignitron rectifiers of the unit sub- 
station type because of the lower equip- 
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ment first cost and lower installation and 
operating costs, and the greater safety to 
operators and maintainers of this type of 
equipment. Light-duty, heavy-duty, and 
high-speed metal-enclosed switchgear is 
available for use with these rectifiers, the 
choice depending on the short-circuit 
capacity of the d-c bus. The high re- 
liability of rectifiers makes feasible single- 
unit sttbstations where before multiunit 
substations would have been considered 
necessary, However, rectifiers may be 
operated in parallel where larger concen- 


* 
o 


trations of power are necessary. Should 
the ultimate substation d-c bus capacity 
exceed 2,250 kw, high-speed switchgear 
should be used for the rectifiers to mini- 
mize internal stresses in the rectifier 
transformers during are backs; thereby 
premature transformer failures can be 
avoided. 
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W. K. BOICE 


MEMBER AIEE 


HIS paper presents calculated data 

concerning the probabilities that 
the voltage during a resistance weld will 
be inadequate because of voltage drops 
due to other welders. This information 
is useful for design of power systems for 
supplying groups of welders. 

It is, of course, possible to design a 
power system so that voltage drop! is not 
excessive even when all machines weld 
at exactly the same time. However, in 
many cases, such a system would be more 
costly than necessary. For most types of 
welding operations, occasional bad welds 
are acceptable, if they do not occur too 
often. Usually, some spoilage is caused 
by nonelectrical causes, anyway, and a 
slight contribution to spoilage, as a re- 
sult of infrequent occurrences of exces- 
sive drop, may be acceptable. When 
the number of welders is fairly large, and 
their duty cycles are low, simultaneous 
welding by all welders is extremely infre- 
quent. A power system may be designed 
so that infrequent combinations of weld- 
ers will cause excessive drop, but the vast 
majority of welds will be acceptable. 
Such a system will usually cost much less 
than one designed to maintain adequate 
voltage at all times. 

This paper presents methods of check- 
ing whether or not there will be an ex- 
cessive number of welds with inadequate 
voltage. This will aid in design of the 
most economical adequate power system 
for any particular case. 

Also, by use of the information pre- 
sented, the adequacy of existing systems 
can be ascertained, and proposed modi- 
fications evaluated. 

This paper does not deal with the prob- 
lem of light flicker nor with the problem 
of determining the rms current to a group 
of welders. As indicated in Appendix 
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V, however, some of the basic probability 
data calculated for this paper may be used 
in applying previously presented for- 
mulas pertaining to these other prob- 
lems. 


Principal Conclusions 


1. The probability of inadequate voltage, 
for any weld by a selected welder, increases 
with increases in: number of welders; duty 
cycle of any other welder on the system; 
weld time of any other welder on the sys- 
tem; voltage drop due to any other welder 
on the system. 


2. It is important to have the following 
advance information about each welder, in- 
cluding possible future machines: allow- 
ance assigned to voltage drop due to com- 
binations of other welders; proportion of 
welds which can be permitted to have in- 
adequate voltage; and estimated demand, 
power factor, duty cycle, and weld time. 


3. Cost savings obtainable, by permitting 
a small number of welds to have inadequate 
voltage, are particularly substantial when 
the number of welders is large and their duty 
cycles are small. 


4. Single-phase welders on a single-phase 
system have a lower probability of interfer- 
ence than the same welders distributed on 
three phases of a 3-phase system, which has 
the same per cent impedance on selected 
base kilovolt-amperes, except when there 
are only two or three welders, each on a 
different phase. 

5. Increasing the number of welds per 
welded part does not necessarily reduce the 
number of defective parts if the same pro- 
duction of parts per hour is maintained. 


6. The probability data presented in this 
paper are applicable to a wide range of 
welding conditions, even when all welders 
have differing characteristics. 


Effect of System Impedance 


The cost of a power system ordinarily 
increases as the impedance decreases. 
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Hence it is desirable to determine the 
maximum acceptable system impedance, 
in order to design for minimum cost. It is 
usually convenient to express the system 
impedance in per-unit on selected base 
kilovolt-amperage. 

For preliminary calculations, the sys- 
tem impedance may be assumed to have a 
resistance-to-impedance ratio equal to the 
load power factor. In this case, the per- 
unit voltage drop equals the per-unit 
value of load current times the per-unit 
system impedance. 

When the  resistance-to-impedance 
ratio differs from the load power factor, 
voltage drop will be somewhat less, to 
an extent which may be calculated if 
necessary. 

For preliminary calculations, it may be 
assumed that the system impedance is a 
single value common to all welders and 
that other circuit impedances are asso- 
ciated with individual welders only. 
When necessary to consider impedances 
which are common to only some of the 
welders, those welders which are tapped 
off at intermediate locations may be con- 
sidered as being supplied through the en- 
tire system impedance, but to have cor- 
respondingly smaller demands, so that 
the circuit considered is simplified, but 
correct values of drops are used. 

Any impedance which is only asso- 
ciated with one welder need not be con- 
sidered, since allowance for the drop 
through this impedance can be made by 
upward adjustment of the welder heat 
setting. 

Of course, it should be ascertained 
that the total drop will not prevent 
proper operation of the welder control, 
and will not reduce the welder maxi- 
mum (full heat) output below the value 
needed for welding. However, this can 
usually be done conveniently after the 
system impedance has been determined. 
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N. Y., January 22-26, 1951. Manuscript sub- 
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ing December 13, 1950. 


W. K. Borcs is with the General Electric Company, 
Schenectady, N. Y. 


775 


a 
vt 


// 


Selected Welder 


ia 
Na 


The maximum acceptable system im- 
pedance may be different for different 
welders on the same system. Except for 
groups of welders which are exactly alike 
electrically, and which are similarly 
located on the system, it is advisable to 
consider each welder in turn, or at least 
to be certain that the welder considered 
is the one which requires the lowest sys- 
tem impedance. 

When the probability of having inade- 
quate voltage for any particular weld is 
being discussed in this paper, the welder 
making the weld is called the selected 
welder, and the data presented applies 
only to drops due to the other welders. 

The inverse of the probability of inade- 2 
quate voltage is the number of welds by 
the selected welder, for each one of its 
welds which has inadequate voltage. 
Hence when the probability of inade- 
quate voltage is 0.001, one weld out of 
every 1,000 by the selected welder will 
have inadequate voltage. 

It is of interest to note that the possi- 
bility of spoilage of several welds at the 
same time need not be considered. The 
total spoilage is determined by calculating 
the spoilage of one welder at a time, with- 
out including spoilage of any other welder 
until its time for consideration. 
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EQUIVALENT NUMBER OF COMPLETE OVERLAPS 


In order to determine the maximum 
acceptable system impedance, it is neces- 
sary to know the assigned allowance for 
voltage drops due to other welders. This 
allowance may be determined as follows, 


if not already established by experience. ; 8 
ALmiavaoud be 6 


1. Estimate the per-unit voltage drop 
which can be accepted without spoiling a 
weld of the material considered, under lab- 
oratory conditions, with new electrodes, and 
with current set at the maximum value for 
an acceptable weld. 


2. Subtract an allowance for production 


welding conditions, such as spreading of 
electrode diameters after repeated use, in- 
exact heat settings, minor changes in ma- 
terial. 


2 


3. Subtract an allowance for expected 
variations in supply voltage level. For ex- 
ample, a utility supply voltage level might 
vary appreciably during a day, unless pri- 
mary line regulating equipment is provided. 


EQUIVALENT NUMBER OF COMPLETE OVERLAPS 


Figures 1(A)-(F). Probability that the sum of 
all overlaps will exceed a given equivalent 
number of complete overlaps 


~ (A) Duty cycle =0.01 


All welders have equal weld times of 3 cycles 
or more (Number on each curve is number of = 
other welders) 
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If voltage compensating equipment is in- 
cluded with the welder control, this allow- 
ance is unnecessary, since the compensating 
equipment can easily follow such slow 
changes as usually occur on a supply system. 
(For weld times over two or three cycles, it 
will also partially follow voltage changes 
due to welders.) 


Voltage drops through the system im- 
pedance, which are caused by loads other 
than welders, may be treated as being 
due to a welder with a high duty cycle, 
and a very long weld time. If the volt- 
age drop due to these other loads can be 
estimated, however, using an estimated 
system impedance, this drop may be con- 
sidered as another allowance to be sub- 
tracted in obtaining the assigned allow- 
ance for drops due to welders. 

The assigned allowance may be ex- 
ceeded, but not too frequently. The sys- 
tem should be designed so that it will be 
exceeded, but only so often that the num- 
ber of welds with inadequate voltage is 
not excessive. This number should be 
somewhat less than the number of bad 
welds which can be accepted, because 
some welds will be spoiled by nonelec- 
trical causes. It is apparent that the 
system designer must know in advance 
the proportion of welds which may be 
permitted to have inadequate voltage. 

In this paper, the voltage during a weld 
is considered inadequate if its rms value 
over the complete weld time is below the 
minimum voltage for an acceptable weld. 
However the voltage may dip below this 
value during portions of a weld, if it is 
sufficiently above it during the remainder 
of the weld. 


Assumptions 


When the voltage drop is a small frac- 
tion of the total voltage, the rms voltage 
over a weld time is nearly equal to the 
rms no-load voltage minus the average 
drop (average value, over the weld time 
of the rms voltage drop). Calculated 
data presented in this paper are based on 
average drop, which will be very slightly 
more than the mms drop. 

This practice greatly simplified the 
calculations and introduced a slight mar- 
gin of safety. 

Any drop in voltage at a welder tends 
to reduce the current, so that the drop in 
voltage is slightly less than it would be if 
the current were maintained. Thus when 
several welders operate together their 
total drop is slightly less than the sum of 
the drops which would be occasioned by 
each operating separately. The slight 
difference was neglected, to simplify the 
calculations made. This introduces an 
additional «margin of safety which is 
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EFFECT OF A NUMBER OF WELDERS 


Figure 2 (left). Effect of num- 
ber of welders 


EFFECT OF DUTY CYCLE iT) 
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transformer kva, System is 
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Number on curves are duty cycles 


roughly proportional to the drop, For 
example, the margin of safety is in the 
order of one per cent voltage when the 
total average drop is 10 per cent. Tf de- 
sired, such an estimate of the margin can 
be added to the assigned allowance. 

The possible spoilage of welds due to 
incorrect control operation has been neg- 
lected. It is considered unlikely that the 
voltage will fall low enough to cause the 


Note: For case illustrated, kva rating re- 

quired for continuously carrying rms load of 

welders exceeds values given on dashed por- 
tions of curves 


control to operate in a seriously wrong 
manner, without also spoiling the weld 
due to lack of welding voltage. A voltage 
drop of more than 10 per cent of rated 
control voltage if at an unfavorable time 
during the weld interval might cause a 
slight variation in weld time. The heat 
to a weld is proportional to the time, but 


other welders 


to the square of the weld voltage. Hence 
a substantial reduction in weld time would 
be required to reduce weld heat any more 
than would an average drop equal to the 
assigned allowance. 

When all welders have the same weld 
time, and this is three cycles or more, it is 
assumed that a partial overlap can be any 
fraction. Actually it can only have cer- 
tain values (such as a fraction formed by 
an integral number of cycles divided by 


Figure 4, Probability that the sum of all overlaps will exceed a given number of complete overlaps 


Selected welder has much shorter weld time than other welders (or all welders have one-cycle weld time). Number on each curve is number of 
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the total number of cycles of the weld 
time). However as explained in Ap- 
pendix II, this assumption does not in- 
troduce serious errors, and does simplify 
the calculation of the probabilities in- 


-volved. 


It is assumed that interlocking between 
welders is not used. 


(F) right. Duty 0.0001, 
cycle=0.50 


14 15 16 17 18 


Figure 4 (Continued) 


Probability Data 


When each voltage drop which can be 
imposed on the selected welder by each 
other welder is the same, the total drop 


Zan Se Glir 859 lO MIZa IS SAIS RIGS I7H1S 
NUMBER OF COMPLETE OVERLAPS 


of a group, averaged over one weld time 
may be conveniently expressed in units of 
the drop of one welder. This may be 
called the equivalent number of complete 
overlaps. This may vary from zero to the 
total number of other welders, and may 
have fractional as well as integer values. 

The curves of Figure 1 show probability 
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of being exceeded plotted against this 
equivalent number, for several values of 
duty cycle, and for various numbers of 
similar welders in a group. 

For any selected probability, the 
equivalent number shown on the curve in- 
dicates the number of welders for which 
allowance must be made in selecting 
system impedance, 

In every particular case, there is a cer- 
tain equivalent number of complete over- 
laps for Which the probability of being 
exceeded equals the allowable proportion 
of welds with inadequate voltage. This 
equivalent number times the current of 
one welder will cause a drop just equal to 
the assigned allowance when the system 
impedance is at its maximum acceptable 
value, 

For example, if there are 31 identical 
welders at 0.05 duty cycle on a single- 
phase system, we may use the curve on 
Vigure 1(B) marked 30 (for 30 other 
welders). If the allowable proportion of 
welds with inadequate voltage is 1/200 
we may use the point on this curve at a 
probability of 0.005, This point corre- 
sponds to an equivalent number of 4.5 
complete overlaps. The system imped- 
ance should therefore be sufficiently low so 
that 4,5 times the current of one welder 
cannot cause enough drop to spoil a 
weld, 

When the actual system impedance is 
known in advance, as with an existing 
system, the probability of inadequate 
voltage may be determined. ‘This is the 
probability corresponding to that equiv- 
alent number which will just cause the 
assigned voltage drop to be exceeded. 

lor example, suppose there are 11 


Figure 5 (below). 


identical welders at 0.01 duty cycle, each 
of which causes 5 pe1 cent drop on a par- 
ticular system, and the assigned allow- 
ance for drops due to the ten other weld- 
ers is 10 per cent. From Figure 1(A), at 
an equivalent number of 2 on the curve 
marked 10 we find a probability of 0.00016. 
Hence one in 6,250 welds of each welder 
will have inadequate voltage. 

The probability values for the curves 
were calculated by methods described in 
the appendixes of this paper. 


Number of Welders 


As the number of welders increases, the 
number for which allowance must be 
made also increases. However, it does 
not increase as rapidly as the number of 
welders. ‘This is illustrated by Figure 2, 
which shows that with a large number of 
welders only a small fraction of them 
need be allowed for in selecting system 
impedance. 

A method described in Appendix IV 
may be used when the number of welders 
exceeds 50. 


Duty Cycle 


A group of welders with high duty 
cycle requires a lower system impedance 
than a similar group with a lower duty 
cycle. This is illustrated by Figure 3. 
It should be noted, however, that the 
probabilities are not affected by the duty 
cycle of the selected welder, since the 
probabilities calculated apply to any one 
weld of this welder. 

When several welders have equal volt- 
age drops, but different duty cycles, an 


Comparison of single-phase and 3-phase systems 


Assigned allowance for drops due to other welders =10% voltage drop. Proportion of welds 
with greater average drop=1/1,000. All welders single-phase; duty cycle=0.05. De- 


mand of each welder =200 kva. 


All welders have equal weld times of 3 cycles or more. 
System impedance =5% on total transformer kva. 


Welders distributed on phases when supply 


is three-phase. Voltage drop due to any welder on another phase assumed 1/4 the drop due 


to similar welder on the same phase as the selected welder. 


Third, sixth, ninth, twelfth, and so 


forth, other welder is on same phase as selected welder 


Figure 6 (right). 


Possible relative 
Operating times 
of selected wel- 


der and one other 


REQUIRED TOTAL TRANSFORMER KVA 


0 
0 £24 N6ee ao ie 4 16 


780 


18 20 22 24 26.28 30 
TOTAL NUMBER OF OTHER WELDERS 


welder 


Weld  time=3 
cycles 


Duty cycle =1/3 
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a 
average duty cycle may be used, with 
reasonably good accuracy. This may be 
calculated by means of the following for- 
mula. 

— ditdetdyt... dn 


6 (1) 
n 


where 


re 


davg =average duty cycle 
d,, d,...d,=duty cycles of each other welder 
n=number of other welders 


Weld Time 


The curves of Figure 1 are for the case 
when all welders have the same weld 
time. When the selected machine has a 
longer weld time than the other machines, 
no one of them can completely over- 
lap the selected machine. Hence the 
maximum possible average drop is de- 
creased proportionately; and the prob- 
ability of exceeding any given equivalent 
number of complete overlaps also is de- 
creased. 

When the weld time of the selected 
machine is less than that of the others, 
there are several relative starting times 
for each other welder, which will result in 
complete overlap. Hence the probability 
of a given average drop is increased some- 
what. 

When the weld times of the other 
machines are very much longer than that 
of the selected machine, almost all over- 
laps are complete ones, and calculation 
of the associated probabilities is simpli- 
fied. 

The probability of exceeding a given 
number of overlaps is then as shown 
in Figure 4. 

At points for which the number of 
overlaps of Figure 4 is an integer, each 
curve is a vertical line section. The low- 
est probability on this line is the proba- 
bility of being exceeded. The highest is 
the probability of being equalled or ex- 
ceeded. 

Further discussion of weld time is 
given in Appendix II. 


3 0 3 6 9 '2 15 18 


TIME ~ CYCLES FROM BEGINNING OF WELD 
BY SELECTED WELDER 


AITEE TRANSACTIONS 


- 


Relative Magnitude of Welder 
Demands 


When the voltage drops due to the 
other welders are not all alike, calculation 
of precise probability values tends to be- 
come quite complex. However, an ap- 
proximation may be used which gives 
satisfactory results in most cases. This 
consists of using the same assumed volt- 
age drop and assumed duty cycle, for all 
other welders, these assumed values 
being chosen in a suitable way. For the 
actual number of welders involved and 
the assumed duty cycle, approximate 
probabilities may be found from Figures 
lor 4. It is suggested that Figure 1 be 
used unless the weld time of the selected 
welder is considerably shorter than those 
of most of the other welders. 

For cases for which Figure 1 applies and 
all duty cycles are 0.5 or less, the as- 
sumed voltage drop is: 


3\(4?+B?) 
rl) : 
where 
2 
as(2—a) Vie+ ate AGEs (5-4) Vn? 
A? a 
n 
(3) 
Vit...dnV; 
palit a+ nVn (4) 
n 

The subscripts refer to the other weld- 
ers. As before, n is the number of other 
welders. The corresponding assumed 


duty cycle is: 


i-(2 a 
~ \3/ (42+B?) 
When Figure 4 applies, the coefficients 
(2/3) and (3/2) in the expressions for A?, 
V, and d should be replaced by unity. 


Further discussion of the assumed values 
is given in Appendix IV. 


(5) 


Number of Phases 


The curves of Figures 1 and 4 may be 
used for 1-phase welders on a 1-phase 
system, 1-phase welders all on one phase 
of a 3-phase system, or 3-phase welders 
on a 3-phase system. 

When 1-phase welders are distributed 
on three phases of a 3-phase system, the 
voltage drops! due to welders on other 
phases than that of the selected welder 
will be less than for similar welders on the 
samne phase. In rare cases there will be a 
voltage rise due to welders on other 
phases. For preliminary calculations, it is 
suggested that all welders on other phases 
be assumed to produce drops equal to 
one-fourth the values for similar welders 
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PROBABILITY 


OVERLAP 


Figure 7. Probability distribution for overlap 
of selected welder by one other welder 


Weld time =3 cycles 
Duty cycle=1/3 


on the same phase. By using this sugges- 
tion, and the approximate method de- 
scribed in the foregoing, Figure 5 
was constructed. This figure compares 
use of single-phase welders on a single- 
phase system with the same welders dis- 
tributed on a 3-phase system. 


Parts Having Several Welds 


When a part to be welded has several 
welds, one or more of these welds may 
have inadequate voltage. For some parts, 
such as gastight seam welded tanks or 
tubes, one bad weld will spoil the entire 
part. By making the conservative as- 
sumption that every bad weld spoils a 
different part, the spoilage rate of parts 
can be estimated. It is then equal to the 
weld spoilage rate multiplied by the 
number of welds per part. 

If more than one bad weld in succession 
is required to spoil a part, the number of 
parts spoiled by a given number of 
welders at a given duty cycle is greatly 
reduced. In this case, the spoilage rate 
(probability of a bad weld) may be 
multiplied by itself a number of times 
equal to the number of bad welds re- 
quired to spoil a part; then this result 
should be multiplied by the total number 
of welds per part, as before, to determine 
the rate of spoilage of parts. 

In order to weld so that one bad weld 
will not spoil a part, the duty cycle must 
be much higher than otherwise, to main- 
tain the same production of parts per 
hour. The increased duty cycle in- 
creases the probability of overlapping 
welds so much that little, if any, increase 
in system impedance is ordinarily per- 
missible. If the increased duty cycle does 
not, however, affect the spoilage rate due 
to nonelectrical causes, its use may be 
found advantageous in particular cases. 
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Appendix |. Probability Dis- 
tribution for a Sum 


The probability distribution? for a vdri- 
able quantity may be expressed in terms of 
probability density. 

Let u be a variable quantity, and (y:)u be 
the probability density of u; at “=. 

By definition, (y,:)udu be the probability 
that ~ lies between uw and (u+du) and 
Sos (udu be the probability that 
equals or exceeds Uj. 

When there is a finite probability that 1, 
exactly equals any certain value Uj, then y, 
is infinite at this point. However, at this 
same point 


(y)udu =P, = probability that uw, = U; 


and integration for the probability that 1, 
equals or exceeds U, is still valid. 

Consider an additional variable u,. with 
the probability density 32, and let us deter- 
mine the probability density y,; applying to 
the sum 7; of u, and up. 

By definition of ws 


(6) 


For any selected value of ™, the proba- 
bility that « will be between uw and (u+du) 
is? the product of the probability (yi),du 
times the probability (y2),du. The total 
probability (ys)udu is the sum of all of such 
products for all values of 1. 

This sum is 


Uz =(Us—M1) 


(yeudu =(S°" (n)u(nrus—mpduldu — (7) 

so the density 

(Wu= Si (duly )(ua—wyde (8) 
By analogous reasoning, we also have 

(ys)us=S°. (»)ulnrus—wydu (9) 


That is, it does not matter in what order 
the components of the total probability 
(ys)udu are added. 

When the probability distribution for the 
sum of several variables is desired, it may be 
obtained by successive use of equations 8 or 
9. For example, the probability density 
for the sum 1, of 1, us, and 23 is 
(yu= J. (as )ul ys) ur—u du (10) 

Dr. H. Poritsky has pointed out that it is 
often convenient to express such probability 
equations in operational form. Let L; be 
the Laplace* transform of 4, and so forth. 
Then from equation 8 or 9 and a table® of 
transform-function pairs 


eS — L,L2 (1 1 ) 
Similarly from equation 10 
L,=L,L2L; and so forth (12) 


Another useful characteristic of the prob- 
ability of the sum of independent variables. 
is that the mean value of the sum is 


a,=,+a2+4; (13): 


Also, the standard? deviation of such a 
sum is 
a= V o+o.2- +07 (14) 


781 


Appendix Il. Probability Dis- 
tribution for Overlap by One 
Welder 


Possible relative operating times of one 
other welder with respect to a selected 
welder are illustrated by Figure 6. In the 
case shown, the weld time is 3 cycles and the 
duty cycle is 1/3. 

Figure 7 shows the possible values of 
equivalent number of welders (a fraction), «, 
and tbe probability associated with each 
value. Figure 8 shows the probability of 
equalling or exceeding any given value of «. 
The dashed line shows the form this type of 
curve approaches as the number of cycles of 
weld time increases. Figure 9 shows the 
probability density curve for the dashed line 
of Figure 8. This curve is used for all cases 
involving equal weld times of 3 cycles or 
more. 

The operational* expression for Figure 9 is 


2d = 
Ly =(1— 2d) +—(1-€*) (15) 


where s is the Laplace operator. 

When all weld times are 1 cycle, « can 
only equal one or zero, and the probability of 
equalling one is equal to the duty cycle d. 

If all weld times are 2 cycles, approximate 
results may be obtained by interpolation be- 
tween cases for 1 and for 3 or more cycles. 

When the weld time of the selected welder 
is much smaller than those of the other 
welders, nearly all overlaps are complete, 


PROBABILITY 


OVERLAP 


Figure 8. Probability that overlap by one 
welder will exceed a given amount 


Weld time =3 cycles 
Duty cycle =1/3 
Dashed curve is approached as weld time in- 
creases 
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and the probability distribution is similar to 
the case for all weld times being one cycle. 
The operational expression for this distribu- 
tion is 


Lyu=(1—-d)+de$ (16) 


The preceding discussion assumes that 
weld times are always in units of one cycle 
(as with synchronous control) and that both 
weld times begin with the same polarity of 
line voltage. 

If the weld times are in units of one cycle 
but begin with different polarities, interfer- 
ence probabilities will be somewhat less 
than if both welders begin with the same 
polarity. With half cycle controls (of fixed 
polarity) interference can occur only be- 
tween machines connected for the same 
polarity. 

With nonsynchronous control, polarity 
considerations are not significant, and weld 
times can be considered to be in units of one 
half cycle. 

The probability distribution for any type 
or combination of types of control can be 
developed as shown for equations 15 and 16. 
In most cases, one or the other of these equa- 
tions will provide a satisfactory approxima- 
tion to the actual distribution, 

The mean value, @, of deviation, «, for 
any other welder is equal to its maximum 
value (unity) times the duty cycle. The 
standard deviation from this mean is given 
by the following formulas. 

For the distribution of equation 15, 


roe 
c=e4ld|—-—d (17) 
y«(5-4) 
For the distribution of equation 16, 
o=V/dli—d) (18) 


Appendix Ill. Probability Dis- 
tribution for Groups of Welders 


From Appendix II, the probability dis- 
tribution for « resulting from a group o 
several welders is 


Iq =(Lu)" (19) 


Where is the number of other welders (in 
addition to the selected welder) 

From equations 15 and 19, for the case of 
equal weld times of three cycles or more 


2d i 
tym| (1-20) t ‘a-e] 


e (20) 

The transform L,’ for the probability of 
equalling or exceeding « is obtained by in- 
tegration of equation 20 from w to infinity. 
Integration from 0 to “ can be accomplished 
by dividing a Laplace transform by s. The 
integral from zero to infinity is unity, since 
this range includes all possible values of x. 


Hence the probability of equalling or ex- 
ceeding w is: 


ty" =(1 -*) 
s 


The binominal theorem may be applied 


twice to equation 20. From equations 20 
and 21 


(21) 
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PROBABILITY =(1-2d) 
Cras (DENSITY INFINITE) 


2d 


PROBABILITY DENSITY 


0 0.5 1.0 
OVERLAP 


Figure 9. Probability density for overlap by 
one welder 


(Approximate curve for weld times of 3 cycles 
or more) 
Duty cycle=d 


r—n 
1 1\i 
wf tS 20) 
s Ss 
r=0 
t=xr 
> eC(—1 eae (22) 
t=0 
where 
Py = Cah)" (23) 
h=2d (24) 
n! 
MOG reeaaa 2 
"rl(n—r)! (25) 
Come 26 
me el(r—v)! ae 


Applying a table of transform-function 
airs to equation 22 yields 


e=r 


) eCx(—1)*s" (27) 


ed 
where 


s=(u—v) for v<u (28) 


and s=0 for v>. 

Tabulated values of the binominal co- 
efficients,‘ »C,, and the Bernoullian proba- 
bility, P, are available. (fhe method of 
finding values of P, is shown in Appendix V.) 

Values of P for Figure 1 were calculated 
from. equation 27 by a punched-card caleu- 
lating machine, 

For the cases for which equation 16 is 
applicable, we have the following, by similar 
analysis, for integral values of w (the 
equivalent number of overlapping welders). 
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Pay ?, (29) 
T=% 

where 

h=d (30) 


Calculated values for this case are pre- 
sented by Figure 4. 


\\ 


Appendix IV. Selection of 
Approximate Probability Curves 


Equations 2 to 5 presented in this paper 
for the voltage drop and duty cycle which 
may be assumed to apply to each of a group 
of welders, which actually have various 
drops and duty cycles, permit selection of a 
curve from Figure 1 or Figure 4 which 
corresponds approximately to the actual 
probability distribution, because it has the 
same mean value and the same standard? 
deviation. A slightly closer approximation 
might be obtained by using a different num- 
ber of other welders so that the maximum 
possible deviations of the curves selected 
correspond to those of the actual case. In 
this case, an inversely proportionate change 
in assumed duty cycle should accompany 
the change in number of other welders. 
This refinement could be supplemented by 
modifying the voltage drop and duty cycle 
of each welder so that the mean and stand- 
ard deviations of its contribution to voltage 
drop were unchanged but were based on the 
assumption of equal weld times for all 
welders. 


The accuracy of the approximations de- 
scribed increase with number of welders and 
with increases in duty cycles. When more 
conservative results can be obtained by con- 
sidering only one complete overlap by the 
welder with the largest drop, this overlap 
alone should be used as a preferable basis for 
estimates. 

For a number of welders considerably 
greater than 50, and duty cycles over 0.05, 
closely approximate probability data can be 
obtained by assuming a normal® probability 
distribution having the same mean and 
standard deviations as for the actual case. 


Appendix V. Evaluation of P, 


P, is the probability? of exactly 7 suc- 
cesses out of trials, when the probability of 
success in one trial is h. It is identically 
equal to the 7th coefficient of the MacLaurin 
(algebraic power) series for 


(1—h)+h]" 


It has been shown’ that this coefficient 
may be obtained from “Tables of the In- 
complete Beta Function.’® The use of 
these tables was suggested by the Bell Tele- 
phone Laboratories. 

Values of P; may be taken from Figure 2 
by subtracting the smaller from the larger 
of the values shown at the extremes of the 
vertical line at the value of u equal to r for 
the value of d equal to h. 

The probability P,; has many uses. In 
addition to its use in this paper, it is appli- 
cable to formulas for the rms current® due 


to a group of welders, and for study of light 
flicker!° due to welders. 
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: Welding Calculations—Effect of 
Conductor Configuration in Overhead 


Lines 


H. WATSON TIETZE 


MEMBER AIEE 


LECTRICAL calculations involving 
open-wire construction with flat 
conductor configuration on crossarms 
generally assume triangular spacing of 
conductors and utilize conductor con- 
stants based on the equivalent triangular 
spacing. In voltage dip problems involv- 
ing single-phase welders, significant errors 
can be avoided by using circuit constants 
which allow for the changes in reactance 
of conductors due to the interaction of 
phase currents. 


Discussion 


Because resistance welding machines 
have high instantaneous and repetitive 
demands at low power factor, they raise 
problems of voltage dip and light flicker. 
It is necessary, therefore, to determine by 
calculation in advance of installation the 
effect of these instantaneous demands 
upon the electric distribution system. 


Once the engineer has a clear under- 
standing of the nature of single-phase 
load supplied from a 3-phase system, the 
computations are not difficult. Com- 
putation methods have been devised 
which require application of only the 
simpler mathematical operations of mul- 
tiplication and addition once circuit con- 
stants have been determined, 


It is in this latter element of the com- 
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putation process, selection of circuit con- 
stants, that large errors are possible. 
Such errors may cause penalty to both the 
user of the welder and to the power com- 
pany. The user, because of the magni- 
tude of the voltage flicker or dip cal- 
culated, may be required to purchase a 
series capacitor for the machine, or to 
finance a costly extension of utility lines, 
or to radically restrict welding demand 
and hence the usefulness of the machine. 
The utility, on the other hand, may lose 
the prospective customer and the revenue 
which would be derived from the opera- 
tion of the customer’s supplementary 
motors and plant lighting, or may find 
itself faced with an expensive reinforce- 
ment not indicated by the erroneously 
calculated effects of the welding load. 

In most voltage regulation computa- 
tions it is assumed that open-wire circuits 
are arranged with the conductors at the 
vertices of an equilateral triangle, and, 
moreover, that a balanced polyphase 
load is being supplied. Both assumptions 
are fallacious when applied to welding 


Leading Phase A 


“ 


/) 


re 


loads. Circuits are as a rule arranged with 
flat configuration on horizontal cross- 
arms, and a single-phase load will not re- 
sult in balanced currents on a polyphase 
supply system. 


Computation of Constants 


The correct solution lies in the applica- 
tion of the general formulas expressing 
the effect upon the reactance and resist- 
ance of a conductor of the presence of ad- 


jacent loaded conductors. These for- 
mulas are: 

Sa=Sap "4X Syuo” 04 XSau ae (1) 
Sp=Spa 48 X Spo? X Spy *88 (2) 
Co= Soa” *4°X Son” *8°X Soy te (3) 


Rya= Ra+0.0528 
(ipa’ login Sast+ica’ logio Sactina’ 
logio San) (4) 


Rgs= Rp+0.0528 
(tap’ logio Spat+icn’ logio Spe+ine’ 
logio Spy) (5) 


Roo = Ro +0.0528 
(t4c’ logio Scatizc’ login Sep-+ine’ 
logio Sey) (6) 


where 


Ty/I4=ipatijipa’, Io/I4=toatjica’, 
and so forth (7) 


In equations 1, 2, and 3, S4z, Sac, and 
so forth are the physical separations in 
inches of phases A and B, phases A and 
C, and so forth; the exponents, defined 
by equation 7, are factors expressing the 
ratios of the appropriate phase currents, 


(30% ©) E, 


For 30% power factor load 30°- @= 42° 30'lag 


Figure 1. Vectors for single-phase load connected phase-to-phase 
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30° 9 =102°-30' lag 
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Table I, 


True Line Reactance for Open-Wire Circuits 


Single-Phase Load on 3-Phase System, Ohms Per Rousse Peet of Conductor 


cE meee =e eee ee 


Con- 
figu- Load Served Through Y-Delta Transformation 
ra- Wire Ad Loaded By Loaded Co Loaded 
tion* Size Ad Bo Co Ag Bo Co Ad Bo Co 
Log NIE eiab ie 0.1401. ,0.0809. .0.1648....0.0771, .0.1379, .0.1524....0.2020, .0.1947. .0.1686 
y CO is hyn 0.1257. .0.0665. .0.1505....0.0627..0,1235. .0.1881..,.0.1862,.0.1779..0.1443 
: Ds we skis 0.1204. .0.0632. .0.1452....0.0574, 0.1182. .0.1828....0.1810. .0.1727. .0, 1390 
aaravetale' v Pee sins 0.1479. .0.1189..0.1699,.,,.0.1098, .0.1434, .0.1423..,,0.1869. .0,1678. .0.1561 
Bi Qieie «eve 0.1835. .0.1045..0.1555.,..0.0954, .0,1290..0,1280.,..0,1702. .0,1584, .0,1418 
BLOji..s 0.1282. 0.0992. 0.1502... .0,0901, .0.1287..0, 1227... 0.1674. .0, 1481, .0.1365 
Wie wickets CONS useaeae 0.1272. .0.1194..0,1511....0.1082. 0.1194, .0.1082....0,.1511..0.1104. .0,1272 
2 a 0.1127. .0,1049. 0.1367... .0,0888, .0.1049, ,0.0888..,.0,1867..0,1049, .0, 1127 
My i. 0.1077. .0.0996. .0.1314,...0,0835, .0.0996, 0.0835... .0,1814. .0,0996, .0, 1077 
Load Served by Phase-to-Phase Transformer 
Load A to B Load A to C Load B to C 
Ao Bo Ad Co Bo Co 
ae oe MN sf < c:04 Os WUD Sve isue HORN fey ea emery OS LOOGiney claw OPLGOCia. «5 DUO GG res ance 0, 1565 
YAO Se RRO OIE O.TOAG. cake. OP LO4O Ly cares QEUEGR ce vive ess OVTAGO eh ai: OVA es ar 0, 1422 
BED sentehatsvaiessnse OOOO Gitncnes « 0,0096,...... OV TAL ewes OVALO seca Oe ORicers. vin. 0.1369 
Sep ily .< 2 eich Eee OLS Ona ate ure OOO es a eyes UG OG a aie « DO, NOOG as gay ON VOB aaa O.1515 
Bev ciate, <vidl's p'« « OES print QhaZOS sas aie 0,1468....4. OVD46S i Oh LST, sie HO. L878 
MEANY IPLC Eo ae-a\'e OLD Biya wae ORMUOD  wieteres OVA Weiser OFT AU ie cant. Oi Deue0) ceeean 0.13820 
\ Se SAMO Hey ah ade unto bikie OLGA sedak (302): We ete OFdeoenrtevikce Di UO Oe vies... [Jy 8 2 eee 0.1194 
BAN eralerd soatevale 0.1049...... OFDODO naka ONE 20B 6 vere OeL2Z08 .6%)..%) jae A ee 0.1049 
4/0. iO OODGciccsvO,O90G sere a 00 L155. 0.65. (CN i ee 0,0006.....- 00996 
* From Figure 4, 
and Sy, Sg, and Sq are the resulting true follows. Assume a circuit with 2/0 con- 


equivalent spacings in inches from which 
the true reactance of each phase wire can 
be determined by referring to standard 
reactance tables. 

In equations 4, 5, and 6 conductor 
spacings and current ratio factors are 
similar to those in equations 1, 2, and 3; 
R, is the conductor resistance as given in 
standard resistance tables, and K,, is the 
resulting true resistance in ohms, 

These equations appear formidable, 
but their application is not difficult. It 
will be shown that the first three can be 
greatly simplified, and that the equations 
for resistance may be neglected when 
dealing with single-phase loads con- 
nected phase-to-phase and Y-delta. 

Figures 1 and 2 are vector diagrams of 
current and voltage relations on the 
primary supply circuit when feeding a 
single-phase load respectively from two 
phases of a 3-phase system and from a 3- 
phase system through a Y-delta trans- 
former bank. The formulas are applied as 


Loaded Phase A 


ductor arranged as shown in Figure 3, 
Configuration 1, with the single-phase 
load supplied through a Y-delta bank as 
in Figure 2. Referring to Figure 2, as- 
sume J, as the reference vector and as- 
sign arbitrary current values of I,4=2 
Ip=Ic=1 since Ip and Ig are equal to 
one-half of I. 


to 1/180° 

2/0° = — 0.5470 =tpatjina’ 
Io 1/180° SUE Pea 
I. a “9/0° —0.5+j0 =icatjica’ 
Aes 
Sa=Sap7 24 Sag 104 


= (14.5) '/2 (88) 72 
alent spacing 


= 35,8 inch true equiv- 


*, X4 =0.1257 ohms/1,000 feet (from stand. 
ard reactance tables) 


Roam Rar. 0528 (ipa’ logio Sap -|- 


ic yt logio Suc) 


but ink’ =() and igg’ =0 


Se Bs 
irst Lagging Phase 
E> Eg 
For 30% power factor load @= 72°-30' lag 
(60% 6) = 132°- 30' lag 
(60% @)= 12% 30' lag 
' Figure 2. Vectors for single-phase load supplied by Y-delta transformer bank 
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Table Il, Comparative Reactance Constants in 
Per Cent of Equivalent Triangular Spacing 
Values Configuration Number 1-2/0 Wire 


ES A I 


Per Cent Ohma Per 
1,000 Feet 


Aw By CH 
Equivalent triangular 
spacing (45.4"),...0cesrae 100,,,,.100,.,,100 
Wye-delta connection 
“Loaded” phase—A,.,.. 05,. SLiiennweo 
“Loaded” phase—B,.... 48,. pA, 105 
“Loaded” phase—C,.,., 142,.,..186.,..210 
Phase-to-phase connection 
Load between A and B,, 80,.,, 80 
Load between A and C,.112,...,..... 112 
Load between Band C,,.,,..... 109, 100 


»R,=(,0821 ohins/1,000 feet 
(from standard resistance tables) 


«he 
we Roa® 


It will be noted that the resistance is 
unchanged from the normal value, ‘This 
will be found to be trie for each phase 
conduetor where the single-phase load is 
connected phase-to-phase (Figure 1) or 
Y-delta (igure 2), 

lor ready reference and ease of ap- 
plication equations 1, 2, and 3 have been 
simplified by making the vector substitu- 
tions based on Figures 1 and 2. These 
simplified equations are shown in subse: 
quent paragraphs, 


With the load connected phase to 
phase; 
Load A to B: 
S,=S_™@ San (8) 
Load B to C: 
Som Sy sa Sor (9) 
Load C to A; 
So= Sa = Sug (10) 


Hquations $, 9, and 10 therefore state 
in mathematical paca the fact that for 
phase-to-phase loads the true equivalent 


CONFIGURATION | 
A B G 


A. ft 


GONFIGURATION 2 
(a ee swe 
CONFIGURATION 3 

A 48 i 

| ill me 30" I ca a 


Figure 3. Conductor configuration on cross~ 
arm 
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spacing is eqital to the distance between 
the two pliase conductors, 

With the load connected through Y- 
delta bare: 


When A is “loaded” phase 


4 =(San)'” x (Saa)'/* (11) 
Sa= (San)? ™ (Sea)! (12) 
So = (Sac)? & (Sue) : (13) 


Wher lt is “loaded” phase 

‘Sa = (San)? (Sue)! (14) 
Sin = (San) '/*% (Son) '/* (15) 
Se = (Sye)~!X (Sae)® (16) 


When C is “loaded” phase 


‘Sa = (San)! (Sa0)® (17) 
Sa = (Syn)! (Sen)® (18) 
Se = (Sae)'7* (Sno) 7 (19) 

lhe iiarked vatiation in reactance 


resulling from the application of these 
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equations can be observed in Table 1, 
where there are tabulated the true values 
for three wire sizes and for the three con- 
ductor configurations shown in Figure 3. 
In the case of the Y-delta connection, 
values are given assuming in turn each 
phase as the “loaded” phase. Moreover, 
the constants given are equally applicable 
to single-phase loads on 3-phase systems 
utilizing other transformer connections 
which result in the primary-current 
vector relations of Figures | and 2. 

In Table II there are compared the 
true reactance values of Table I with the 
normally-assuined equivalent triangular- 
spacing constants. This table shows that 
the error in assuming the latter values 
may be as great as 52 per cent. 


Conclusion 


It is not contended that the error in 
the computed voltage dip will be as great 


“ 

1} 
as 52 per cent. That will depend upon 
the proportion of open-wire reactance to 
system reactance at the point of connec- 
tion to the open wire. The conclusion, 
however, can be drawn that the proper 
evaluation of the magnitude of the volt- 
age dip in single-phase welding problems 
requires recognition of the changes in 
reactance of conductors, disposed on’ a 
horizontal crossarm, due to the interac- 
tion of the phase currents. 
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A-C Arc Welders with Saturable 


Reactor Control 
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STANDARD transformer is built 
for nearly constant load voltage for 
all load currents in its usable, or recom- 
mended, output range. A welding trans- 
former must provide a drooping charac- 
teristic, as shown in Figure 1. Starting 
from the open circuit, or no-load voltage, 
the terminal voltage drops rather fast with 
increasing load current. The short-circuit 
current is only slightly higher than the 
load current for each output setting. In 
other words, a welding transformer is a 
limited output device. 

Analyzing the load characteristic shows 
that the starting point, or no-load voltage, 
of the load characteristic is of impor- 
tance for the design. A few words about 
this value, therefore, might be of in- 
terest. 

Neglecting the magnetizing current, the 
primary or line current of a transformer 
can be expressed as: 


Esecondar no load 
Le k———ererrr (1) 
Eprimary 


where if 


J,;=primary winding current 
Ig=secondary winding or load current 
E=voltage 


The current in the primary winding is 
in direct proportion to the value of the 
open-circuit voltage. The most econom- 
ical design, as far as the manufacturer 
is concerned, therefore, is the design with 
the lowest no-load voltage. A low open- 
circuit voltage, furthermore, reduces the 
shock hazard to the operator. These 
reasons explain the trend of lowering the 
open-circuit voltage as far as satisfactory 
welding performance will allow. A pic- 
ture of the interrelationship of open- 
circuit voltage, arc voltage, and welding 
current will help to clarify the importance 
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of the value of the open-circuit voltage 
on actual welding performance (igure 
2). Between the open-circuit voltage or 
voltage of the secondary winding of the 
transformer and the are voltage exists a 
considerable phase shift. The are voltage 
and the welding current are in phase. 
For a simple (and simplified) analysis the 
oscillogram has been redrawn and marked 
accordingly (Figure 3). The main dif- 
ference between Figure 2 and Figure 3 is 
the substitution of a sine wave for the 
more or less square wave of the are voltage 
of the oscillogram, 

Whenever the welding current passes 
through zero the available voltage for re- 
striking the welding arc is given by: 


Erestriking =1,41 X Esecondary no load X% 
sin p (2) 


If we express the desired value of the 
“restriking voltage’’ as a multiple K of 
the amplitude of the are voltage, we have: 


1.41 X Esecondary no load % sin # 
=KX1.41XFare (3) 
Expressing the kilovolt-ampere input 


and the kilowatt output of the machine 
with values of equation 1 we find that: 


EaroXIs 
Eprimary xIn% Esecondary no load 


cos p= 
Eprimary 


_ Fare a eee (4) 


Esecondary no load 
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Consequently, equation 8 can be re 
written: 


sin p= KX cos (5) 


The open-circuit voltage for any de 
sired restriking voltage and are voltage, 
therefore, is calculated easily from equa 
tions 3 and 5, 

The tabulation of Figure 4 gives the cor- 
responding values for K=1, K=1.5, and 
K=2, 

K=1 represents the condition where 
the restriking voltage is equal to the 
amplitude of the are voltage, The de 


generally will hesitate before 


open-circuit 


signer 
choosing voltages below 
these values, 

K=1.5 gives values that provide satis- 
factory welding performance for most 
applications, 

K=2 or even higher is chosen quite 
frequently for are welding machines for 
automatic welding or “high voltage’ 
electrodes, 

These figures should not be used with 


out considering the actual requirements 


ee Figure 1, Volt. 

age-ampere char- 

acteristics, 200- 

70 ampere a-c 
welder 
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Figure 5. Schematic connection diagram of welder with re- 


actor 


Welding oscillogram, 200-ampere a-c welder 


Figure 2, MAGNETIC STRUCTURE _ 
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Figure 6. Two types of reactor construction 
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Figure 3, Relationship of secondary voltage to arc voltage and welding 
current VOLTAGE (A) 25 VOLTS (AVE,) 

EN Ke Kel rr 

Eano VOLT 30 40 | 30 40 | 30 40 CURRENT (8) Via 158 AMPERES (AVE) 

Enearnn VOLT 424 56.5 | 63.7 84,6] 848 13 

Eston. VOLT 42.4 565 |54 72 | 67 89.5 < 

VOLTS (B) 25 VOLTS (AVE.) 
gb 45° 56 634° 
COs @ 07 55 1s Pa Figure 7. Current and voltage wave forms of 300-ampere 
SIN @ 107 83 _. 894 welder 


Figure 4, Relationship between arc voltage, restriking voltage, and A. No air gap in the control reactor 
no-load voltage for various values of K B, 5O0-mil gap in the control reactor 


of different electrodes, applications, and 
additional design features of the welding 
machine itself, They are intended 
nainly as an example of how a design 
engineer must examine all values that are 
reflected in the performance and economy 
of his product, 


striking an are, the reactor voltage is 
equal and opposed to the transformer 
voltage, ‘The reactor voltage can be ex- 
pressed as; 


ments of reactors which are used for the 
purpose of limiting and regulating the 
output of a-c are welding machines. 
The reactor with a mechanically movable 
center leg varies the permeability of the 
structure by varying an air gap in the 
flux path, The reactor with d-e control 
coils, or saturable reactor, varies the 
magnetic conductivity of the structure by 


veactor =CX PXSX ex 


where 
Many a-e are welding transformers are 


. ‘ : Ce constant value 
built with a loose and variable “nag 


Te number of turns of the reactor coil 


netic linkage” between the primary and 
secondary winding, Others tise a vari 
able reactor in the output etrenit in order 
to provide the required drooping charac 
teristic and the desired output regulation, 

Nigure } shows the principal connection 
diagram of a transformer reactor 
bination, The voltage drop across the 
reactor coil and the are voltage add up 
veetorially to the voltage of the secondary 
winding of the transformer, Under 
short-cireuit conditions, that is, when 


com 


TSS 


Se cross section of the magnetic core 
joe inagnetic conductivity or “permeability” 
J loud current in amperes 


Iquation 6 indicates that any change 
in the magnetic conductivity, «, of the 
structure must be accompanied by a 
corresponding (inverse) change of the 
load current to produce the required 
voltage drop, / reactor, A high value of 
a demands a low current value, and vice 
versa, 

Migure 6 shows the principal arrange» 
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varying its d-e premagnetization, 

The magnetic characteristic, or mag- 
netizing curve, of the structure naturally 
is reflected in the wave shape of the load 
current, Figure 7(A) shows the load 
current of a conventional reactor, The 
pronounced third harmonic creates a pro- 
longed “near zero” current period. The 
detrimental influence of this current wave — 
shape on welding performance is obvious. - 
The reactors used with a-c welders, there- 
fore, are built with a certain air gap at 
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Figure 9 (left), Mag- 
netization curves of 
saturable reactor for 
various values of pre- 
magnetization 


Figure 10 (right). 
A-c welder with 
remote hand control 


REACTOR VOLTS 


for the individual coils. Splitting each 
d-c coil into separate smaller coils further 
reduces the voltage per coil and per layer 
of winding. Figure 8 gives the connection 
diagram of an a-c are welder with satu- 
A.C. AMPERE TURNS rable reactor control. The potentiometer 
arrangement of the control rheostat, the 


the center leg, as indicated in Figure 6. Figure 11. A-c welder with remote foot discharge resistor, and the dise rectifier 
The oscillogram Figure 7(B) shows how control effectively prevent the presence of any 
the wave shape and the welding perform- 
ance have been improved by this design 
feature, 

At present most a-c are welders with 
saturable reactor control use reactors 
with the core and coil arrangement shown 
in Figure 6. The a-c coils surround the 
center leg of the core, and the d-c control 
coils are mounted on the outside legs. 
The air gap interrupts only the flux path 
of the magnetic lines which are caused by 
the alternating load current. The path 
of the lines which are caused by the cur- 
rent in the d-c control coils is not inter- 
rupted. The resulting regulation is better 
than can be achieved by providing the air 
gap in both flux paths. r 

Under load the reactor also acts as a 
transformer, and alternating voltages 
are induced in the d-c control coils. These 
voltages add up to zero for the control 
circuit. The relation of the number of 
turns of the a-c coils and d-c coils is 
chosen to give the lowest induced voltage 
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Figure 12. 


Inside view of a-c welder 


appreciable voltage above the operating 
voltage at the terminals of the control 
circuit. The direct voltage of the control 
circuit is in the order of 15 volts, 


The output regulation of a saturable 
reactor of the design used as an example 
can best be shown by plotting the mag- 
netization curves. Figure 9 presents such 
a family of curves for different values of 
d-c magnetization. The output or load 
current variation for a change in control 
current can be taken from the spread 
between the two corresponding curves. 

The control circuits of the present 
models are designed to give approximately 
l-kw output variation for a 10-watt 
change in the control circuits. 

A-c with saturable reactor 
control provide a very good “are strik- 
Each striking opera- 


welders 


ing”’ characteristic. 
tion is reflected in a slight current varia- 
tion in the control circuit. This variation 
is enough to reduce the impedance of the 
a-c coils sufficiently to cause an increased 
short-circuit current of very short dura- 
A “hot-start’”’ feature, therefore, is 
inherent in this design. Other advantages 
of the design are obvious. The operator 
has a practically instantaneous means of 
current adjustment instead of the slower 
and sometimes tedious mechanical out- 
put control. Remote output control is 
feasible and practical without additional 
devices. 


tion. 


Connecting the control rheostat 
(potentiometer) to the welding machine 
by means of an extension cord provides 
the operator with fingertip or foot control, 
as illustrated in Figures 10 and 11. The 
influence on over-all welding time and 
welding quality, by inducing the operator 


790 


No Discussion 
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Figure 13. Outside view of a-c welder 


to use the correct heat, is rather important 
for many applications. 

The simplicity of the electric control 
also is reflected in the mechanical design 
features of the welding machines. Cores 
and coils are assembled and fastened 
securely in their given positions. Figure 
12 presents the inside arrangement, while 
Figure 13 shows a complete a-c are welder 
with control by a saturable reactor. 
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Contact Resistance—The Contribution 


of Nonuniform Current Flow 


W. B. KOUWENHOVEN 


FELLOW AIEE 


HEN two metallic surfaces are 

brought together, the surfaces never 
make uniform contact over the entire 
area. The actual contact occurs only at 
small subareas. This phenomenon gives 
tise to what is known as the resistance of 
contacts. This resistance consists of two 
parts, (1), a resistance at the contact, 
R,, due to adsorbed gases, oxide layers 
or grease films at the small subareas; 
and (2), the spreading resistance, R,, re- 
sulting from the nonuniform flow of cur- 
rent in the body of the materials. 

This paper presents a study of the con- 
tribution that the spreading resistance 
makes to the total resistance of metals in 
contact. The spreading resistance was 
determined experimentally and theoreti- 
eally for both round rod and flat strip 
specimens in which a restricted current 
path or constriction was introduced by 
machining away part of the material. 
The influence of the size, location, shape, 
and number of the constrictions on the 
spreading resistance was investigated. 
The work was made possible by the Re- 
sistance Welding Fellowship established 
at the School of Engineering, The Johns 
Hopkins University, by the Resistance 
Welding Committee of the Welding Re- 
search Council. 


Spreading Resistance 


The resistance of a long uniform rod is 
given by R=p(L/A) where p is the spe- 
cific resistance, L the length, and A the 
cross-sectional area. 

When a constriction is introduced in 
such a rod, the current flow is no longer 
uniform. Figure 1 shows a plot of the 
equipotential lines determined experi- 
mentally for a flat strip specimen having a 
sharp constriction. The current flow be- 
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comes substantially parallel within a dis- 
tance equal to the width of the specimen. 
The spreading resistance is due to the 
reduction of current density in the corners 
which results in an increase in resist- 
ance, 

The spreading resistance is the only 
resistance that exists between two clean, 
film-free metal surfaces in contact. The 
spots where actual contact is made will be 
of various shapes and sizes randomly 
located throughout the apparent contact 
area, and the resistance resulting from the 
nonuniform current flow will constitute 
the total contact resistance. 


Specimens 


The method adopted for the study of 
the spreading resistance was to measure 
the increase in resistance produced by 
making lathe or saw cuts in the central 
section of a specimen. A typical round 
rod specimen is shown in Figure 2. 

Each specimen was first checked for 
uniformity of dimensions and resistance 
and then its resistance between two 
knife edges eight inches apart was meas- 
ured in a Kelvin double bridge circuit. 
Then the central section was machined to 
the desired constriction. When this was 
completed, the resistance was again 
meastired between the knife edges. 
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The spreading resistance, R;, was de- 
termined from these two resistance meas- 
urements as follows. From the results 
of the first measurement the resistance 
R, per-unit length and the specific re- 
sistance of the sample was calculated. 
In addition; the resistance R, per-unit 
length of the reduced section was deter- 
mined, If R, equals the resistance of the 
rod after the constriction was made, 
then 


Rs = Ro —(RahtRale) 


where /; is the rod length of diameter 
d, and /, the length of the constricted 
portion of diameter d», see Figure 2. 


Experimental Procedure 


The measurements were made with 
direct current using a special Kelvin 
double bridge constructed for the purpose. 
During the measttrrements each sample 
was immersed in an oil bath. Standards 
for each different specimen tested were 
made from the same material in order to 
simplify the temperature problem. Care 
was taken to avoid local heating. At all 
times the accuracy of the measurements 
was better than one part in 1,000. This 
was found to be ample as the spreading 
resistance proved to be larger than antici- 
pated. 


Concentric Constrictions: Round 
Specimens 


The spreading resistance for two bronze 
rods having diameters of 5/8 inch and 1 
inch respectively and concentric con- 
strictions of different amounts are plotted 
in Figure 3. In the figure the abscissa is 
the ratio of the diameter of the rod to the 
diameter of the constriction and the 


Figure 1. Equipotentials and flow lines on flat 
strip with constriction 
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study of Figure 3 makes it clear that for 
each diameter of rod, there is a separate 
curve when the results are plotted to these 
coordinates. The results however may be 
expressed in’a per-unit basis' by multi- 
plying the spreading resistance by the 
rod’s diameter d;, and dividing by the 
specific resistance. Thus when the 
ordinate of the curve is R,d,/p, it will be 
found that all of the points lie on the same 
curve irrespective of diameter and ma- 
terial. 

The results found for concentric con- 
strictions on aluminum, bronze, copper, 
copper-nickel, iron, and nickel rods rang- 
ing in diameter from 0.45 inch to 1 inch 
and with varying size constrictions are 
plotted in Figure 4. These points when 
plotted on this per-unit basis all lie on a 
smooth curve that checks closely with the 
solution of the Laplace equation for this 
boundary value problem as given by Dr. 
L. C. Roess in “Theory of Spreading Con- 
ductance” an unpublished report, of the 
Beacon Laboratories of the Texas Com- 
pany, Beacon, N, Y. 

In the mathematical solution of this 
problem, certain assumptions were neces- 
sary. The validity of these assumptions 
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is confirmed by the experimental meas- 
ured values. A statistical analysis of the 
results shows that the least squares line 
closely coincides with the linear portion 
of theoretical curve, and that the 95 per 
cent confidence limits embrace a narrow 
band. These also are plotted in Figure 4. 


Symmetric Constriction: Flat Strip 


The spreading resistance was measured 
on a number of flat strips of brass with a 
constriction located at the midpoint of 
the strip. A typical specimen is shown in 
Figure 5. The results of these measure- 
ments are also plotted in Figure 5 where 
the abcissa is the ratio of the width of the 
strip to the width of the constriction and 
the ordinate is on a per-unit basis R,w/p. 


Figure 3 (left). 
Spreading resist- 
ance of round 
tods for constric- 
tions of varying 
sizes 


units oF 5%” 
Nn 


a 


6 


SPREADING RESISTANCE, OHMS 


RATIO OF DIAMETERS, ROD TO CONSTRICTION 


10 L,UNITS 


a 


Figure 5 (right). 
Spreading resist- 
ance of flat strips 0 
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Here w is the thickness of the strip. The 
solid curve is based on Smythe’s mathe- 
matical solution.2 The experimental 
points check this solution. 


Length of Constriction 


In practice the length of the constricted 
path is usually quite small. The question 
therefore arose: does the length of the 
constricted path have any effect upon the 
spreading resistance? Measurements 
were made on round specimens in which 
the length of the constricted path varied 
from 0.163 to 0.007 inch. Within ex- 
perimental limits the spreading resistance 
was found to be independent of the 
length of the constriction, and the points 
fell on the smooth curve of Figure 4. 
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Location of the Construction 


On actual contacts the constricting 
area is not symmetrically located, but 
may be at any point on the surface. The 
effect on the spreading resistance pro- 
duced by nonsymmetrically or eccen- 
trically located constrictions was studied 
for both flat and round specimens. Speci- 


_Inens were made in which the constriction: 


was held to a fixed size and on successive 
Specimens its location was varied from the 
center to the extreme edge. The results 
are plotted in Figure 6 for a ratio of 
4,/d,=8.5 for the round specimens and 
for the ratios of ¢/b=12.5 and 25 for the 
flat samples. The curves for the two 
types of specimens are similar in shape. 

A study of Figure 6 shows that the 
location of the contact spot does not have 
much effect on the spreading resistance 
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Figure 6 (left). Effect on spreading resistance of location of contact area 
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until the eccentricity exceeds 50 per cent 
for strip specimens and 60 per cent for 
round ones. The effect is naturally 
greater for flat strips because in these the 
flow lines are more severely restricted 
than in the round specimens. It was also 
found that as the area of the constriction 
was reduced, the effect of nonsymmetrical 
location was slightly less marked as may 
also be seen from the figure. 


Shape of the Contact Area 


It also is true in actual contacts that 
the shape of the contact area will not be 
circular. Where contact occurs by virtue 
of metal being squeezed into fissures made 
in surface films by high contact pres- 
sures, there would be a fairly high degree 
of “ellipticity” of the contact areas. An 
experimental study of the influence of the 


Figure 7 (left). 
Spreading resist- 
ance of round 
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rods with square 
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shape of the constriction was therefore 
made. 

The spreading resistance of round rods 
having square symmetrical constrictions 
was determined for different constricting 
areas. A comparison of these measure- 
ments with the results for circular con- 
strictions is shown in Figure 7. The 
dimensionless quantity R,d,/p is plotted 
as ordinate against »/A/a as abscissa. A 
is the cross-sectional area of the round 
rod, and a that of the constriction. The 
curve gives the results for round con- 
strictions, while the circled points are 
measured values found for square constric- 
tions. The points fall above the curve. 

The next step in the exploration of the 
shape effect was to test a series of samples 
having rectangular constrictions with the 
same total area, mn=constant. It was 
then possible to determine the relation of 
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Figure 9 (right). 
Flat specimens 
with either one or 
two connections 
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Figure 10, The effect of the location of parallel constriction upon the spreading resistance 


spreading resistance to a shape factor, 
here defined as the ratio of the length, m, 
to the width, », of the rectangular con- 
striction, 

Holm has shown® that the effect of the 
shape of the constriction can be calculated 
if one assumes the constricting area to be 
an ellipse of area much smaller than the 
cross sectional area of the rod. Then if 
Rn» is the spreading resistance for an el- 
liptical constriction with major axis, m, 
and minor axis 7, and if Rag is the spread- 
ing resistance of a circular constriction of 
diameter d 


Rnn K(k1) 4d m—n 
—— =——— | —— }, where k} =——— 
Raa 1. m+n m--n 


K, is the modulus of K, a complete el- 
liptical integral of the first kind. 

The dotted curve of Figure 8 is a plot 
of the foregoing equation. In addition 
there are given in Figure 8 the experi- 
mental curves for two rectangular con- 
strictions; one of 0.015 square inch and 
one of 0.038 square inch. All three curves 
coincide for an m/n less than 3, where the 
constriction is well-centered. The curve 
for the smaller area more nearly fits that 
of Holm’s formula.’ It is perhaps worth 
comment that for a given total constrict- 
ing area, a long thin constriction gives ap- 
preciably less spreading resistance than a 
round constriction, but the magnitude of 
the decrease would be less than 25 per cent 
for reasonable shapes. 


Parallel Constrictions 


Study of the contribution of spreading 
resistance to contact resistance should 
involve an inquiry concerning the effect 
of two or more constricting paths in 
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parallel across the contact surface. When 
force is applied to the contact members, 
the yield point of the first contacting 
areas is quickly reached and flow occurs 
until enough of the apparent contact area 
is in load bearing contact to reduce the 
pressure below the plastic flow limit of the 
metal. During this process the number of 
conducting constrictions that form will 
depend on the surface shape and finish. 
Holm! states that the total load bearing 
contact area S) will be relatively constant 
for a given contact load (P) and contact 
material, and is of the order of magnitude 
Sy =2P/H, where H is the upper limit of 
the contact pressure at which plastic flow 
or splintering occurs. 

Windred® has stated, ““When there is 
more than one contact point, there may 
be electromagnetic interactions between 
the lines of current flow if the contact 
points are close together, otherwise this 
may be neglected.’’ Holm uses the 
phrase ‘‘the constricted lines of flow in- 
fluence each other’ if the conducting 
spots are close together. Both state that 
if the spots are far apart, the total spread- 
ing conductance can be computed by 
adding the conductances of the individual 
spots. 

The concept of the flow lines of parallel 
constrictions influencing each other is mis- 
leading and that of self or mutual electro- 
magnetic forces on the flow lines under 
steady flow conditions is probably er- 
roneous. To check this the following ex- 
periment was devised. Consider the brass 
strip with a constriction (two dimen- 
sional flow) as shown in Figure 9(A). 
The flow is symmetrical about the center 
line; hence, the total resistance of the 
strip between knife edges V; and V» 
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should be exactly half that of the indi- 
vidual halves of the strip, Further, if the 
strip is separated at the center line and 
put together as in Figure 9(B), exactly 
the same resistance should be obtained 
between the knife edges barring disturb- 
ance of the flow by electromagnetic 
forces. 

This experiment was performed on — 
several brass strip samples, and each time 
the spreading resistance of a sample con- 
structed as shown in Figure 9(B) was 
found to be equal to the corresponding 
sample Figure 9(A), within the experi- 
mental limits. Hence, one can conclude 
that mutual electromagnetic forces of 
parallel flow have no practical effect on 
spreading resistance. 

This does not mean, however, that the 
spreading resistance of parallel constric- 
tions is independent of the spacing be- 
tween them. It was found that the 
spreading resistance for single constric- 
tions changes with their location as shown 
in Figure 6. The influence of the spacing 
of parallel constrictions on the spreading 
resistance was studied on thirteen brass 
strip samples. Each strip was 1.5 inches 
wide and 1/8 inch thick and each had two 
symmetrically located parallel constric- 
tions of 0.062 inch wide. All factors were 
held constant except that the spacing was 
varied from zero to the maximum possible 
value. The data is plotted in Figure 10 
where the abscissa is the spacing between 
the constrictions, the ordinate, the di- 
mensionless spreading resistance R,W/p. 
The solid curve of Figure 10 was com- 
puted from the data of Figures 5 and 6 by 
considering the single strip as consisting 
of the parallel connection of two separate 
strips half as wide with eccentrically 
located constrictions. The circled points 
are the measured values for the 18 speci- 
mens. 

It was found that the spreading re- 
sistance for two parallel constrictions 
separated by half the strip width was ex- 
actly half that obtained when the spacing 
was zero (single constriction 0.124 inch 
wide). 


Control of Spreading Resistance 


Assuming that Holm is correct in his 
statement that the total contact area is 
dependent mainly on the load and the ma- 
terials in contact,’ it foli6ws that the 
total contact area may be concentrated 
in a single spot or may be distributed 
randomly in small subareas over the sur- 
face. The question arises, ‘What effect 
does this have on the resulting spreading 
resistance and how may this resistance be 
controlled?” The experimental work in- 
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dicates that the spreading resistance of 
two metals in contact may be controlled 
by varying the number of contact points. 
For any given total contact area, the 
lowest spreading resistance will be ob- 
tained with the maximum number of 
symmetrically located constrictions or 
contact subareas. As the number of con- 
tact points is increased, while keeping the 
total contact area constant, the resulting 
spreading resistance approaches zero, 
even though the area of the individual 
constriction or contact points also ap- 
proaches zero. 

The verification of this statement is 
based on the following analysis. It has 
been shown experimentally that the value 
of the spreading resistance in ohms for a 
flat strip specimen with a symmetrical 
constriction varies with the ratio of the 
width of the strip to the width of the 
constriction. For a given ratio the 
spreading resistance is constant provided 
the thickness of the strip is constant. 

Assume that we have a strip of width c¢ 
and thickness w with a symmetrical con- 
striction of width b and a thickness w. 
This strip will have a spreading resistance 
of R,; ohms. Assume now that this strip 
is replaced by two strips each of width 
c/2 and each with a symmetrical con- 
striction of width 6/2, both strips having 
the thickness w. Now each half strip will 
have a spreading resistance R,, identical 
to that of the full sized strip. 

If these two strips are joined in paral- 
lel, their individual spreading resistance 
R, will also be in parallel and the resultant 
spreading resistance will be R,/2. This is 
confirmed by the experimental results, 
Figure 10. 

Assume now that each half strip is 
divided into two strips of width c/4 and 
each with a symmetrical constriction of 
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width 6/4. Each one of these four strips 
will have a spreading resistance of R, 
equal to that of the original full sized 
specimen. When these four strips are 
joined in parallel, the resulting spreading 
resistance will be one fourth of R,. 

It is evident from the analysis that the 
resulting spreading resistance of a speci- 
men with a large number of parallel paths 
approaches zero as the number is in- 
creased provided the total constricting 
area remains constant. The spreading re- 
sistance is a maximum for a single con- 
tact point of the given area. 

A similar analysis may be developed for 
round or square rod specimens. The 
analysis is given for a square bar as it has 
been shown, Figure 7, that in a round bar, 
a square constriction and a circular con- 
striction of the same area gives very 
closely the same spreading resistance. 

Assume a square bar of W inches on a 
side and of cross sectional area Aj, having 
a symmetrical constriction at the center 
of Az square inches. This bar will have a 
spreading resistance R,1=Rp/w, where R 
is the per-unit spreading resistance. 

Now assume that this square bar is 
divided into quarters each of W/2 inches 
on a side, each of cross sectional area 
A,/4 and each having a symmetrical con- 
striction of area A»/4. Each one of these 
quarters will have a spreading resistance 
of Rsz=R,/W/2, or twice that of the 
original bar. When these four quarters 
are joined in parallel, the resulting 
spreading resistance will be one half of 
that of the original bar with its single 
symmetrical constriction. This process 
of subdivision may be repeated indefi- 
nitely and so the statement is verified. 

From this analysis it is evident that the 
spreading resistance can be controlled by 
using the proper surface finish of the 


contact areas. The maximum spreading 
resistance will be obtained if there is a 
single small area of contact as in a pro- 
jection weld. The spreading resistance 
may be reduced to a minimum by using a 
surface finish that provides a large num- 
ber of contact points or constrictions 
scattered throughout the area. 


Conclusions 


The results of this study provide an 
explanation of spreading resistance, and 
curves are presented for calculating its 
magnitude for single and multiple con- 
stricting contacts. The study shows 
that: 


1. The spreading resistance forms an im- 
portant part of the resistance of contacts. 


2. The theoretical analysis given by Roess 
for symmetrical constrictions is confirmed 
experimentally. 


3. Off-center location or eccentricity of the 
constriction increases the spreading resist- 
ance, but the effect is small until the con- 
striction is near the edge of the material. 


4. The shape of the constriction effects the 
spreading resistance. 


5. The spreading resistance can be con- 
trolled between wide limits by varying the 
number of parallel conducting spots. 
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Selection of Fuses for Resistance 


Welding Machines 
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Synopsis: This paper covers: 

1. An analysis of available fuse data with 
special reference to the data’s applicability 
for resistance welding machines, 

2. A proposed method of analysis of fuse 
characteristics, 

3. Discussion of these fuse characteristics, 
{. Use of these characteristics in welding 
applications, 

5. The application of fuses as it is practiced 
in the industry today, 

Phe data that are presented are based only 
on 250-volt fuses, Six-hundred-yolt fuses 
were cheeked and found to have charac 
teristics substantially the same as 250-volt 
fuses, Consequently, any system of rating 
of 250-volt fuses applies also to other fuses. 


HARACTERISTICS of fuses gener- 

ally are given by curves in which 
overload current is plotted against time 
required to blow the fuse. This relation- 
ship is necessary for most applications, 
hut where the fuses are called upon to 
protect a device which is recurringly over- 
loaded and unloaded, the characteristics 
are not useful, Examples of a recurring 
load exist in the resistance welding field, 
where the welding machine draws up to 
4-5 times its thermal rating during the 
making of a weld, Likewise, for short 
iatervals, the ignitrons switching the 
welder on and off pass current which may 
be ten times their thermal rating. Rating 
sheets for welders and tubes can best be 
expressed in terms of current and duty 
cycle, or in terms of current, weld time, 
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and welds per minute. Therefore, the 
rating sheets for fuses (to be applicable 
to the welding industry) should be ex- 
pressed in the same terms, that is, cur- 
rent, weld time, and duty cycle and welds 
per minute, 

The problem considered here is to take 
the existing fuse rating curves and inter- 
pret them in terms which are used by the 
welding industry. 


Protection of Equipment 


When fuses are applied to a welding 
system, they are requested to protect (1) 
the welding machine, (2) the feeders be- 
tween the fuses and the machine, and (8) 
the electronic or magnetic contactor con- 
trolling the welding machine. Fuses to 
protect the system always should be 
chosen to protect that part of the system 
which is the most susceptible to burn-out 
or damage. In most cases, this is the 
electronic contactor or the contacts on the 
magnetic control. This is due to the rela- 
tively low averaging time of the tubes as 
compared with the other two circuit ele- 
ments. The thermal rating of a trans- 
former, cable, and tubes may be 50 am- 
peres, yet it is not unusual for them to 
operate at 500 amperes for a short period 
of time, such as 1/2 second. A temporary 
overload of 500 amperes for 1 second 
certainly will not damage the transformer 
or cables since they are slow to heat, that 
is, they have a long thermal time con- 
stant; but it may ruin an ignitron, which 
has an extremely small time constant 
and averaging time. Consequently, fuses 
should be selected to protect that element 
having the shortest thermal time con- 
stant, 

Most spot welds are completed in an 
extremely short time, generally in the 
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range between 5 and 60 cycles. Conse- 
quently, in the discussion of fuses, cur- 
rent duration in this range also will be 
considered. Operation of fuses at 0.1 
second (6 cycles) and 1 second (60 cycles) 
will be considered. 


Examination of Data 


In order to accumulate data on fuses, 
inquiries were made of nine major fuse 
manufacturers in the United States. In- 
formation was requested on the current 
required to blow 250- and 600-volt fuses 
when the duration of the current was 
0.1—1.0 seconds. Of the nine manufac- 
turers contacted, only fout had data on 
current required to blow fuses at very 
short times. Of these four, two had only 
partial information. One of the fuse 
manufacturers listed three different types 
of fuses and had complete information 
on all three types. In Table I, fuses 
having Key Numbers IT, III, or IV were 
those made by the same manufacturer. 

As can be seen, the data that were 
available were extremely meager. In 
addition to that, the data itself are 
questionable, since no information on 
accuracy was available to the author. 

Data submitted by the manufacturer 
were of the form given in Figure 1. The 
data that were obtained gave the blowing 
characteristics of a fuse within the 0.1- 
second-300 second range, but in the in- 
terest of simplicity only the low time 
range is reproduced in Figure 1, 


Fuse Constants 


In order to develop a knowledge of the 
operation of fuses and their application to 
resistance welding machines, a theory of 
operation of fuses is developed in the 
appendix. 

The conclusions reached in the ap- 
pendix can be summarized by the equa- 
tion: 


B=I* q) 
where 


B=a unit proportional to the temperature 
at which the fuse will blow : 
A=a heating constant 
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Figure 1 (left). 
Typical current 
versus time curve 
for blowing 250- 
volt fuses 


Figure 2 (right). 
Fuse rating versus 
blowing current, 
duration of cur- 
rent impulse 1.0 
second 


Figure 3 (left). 
Fuse rating versus 
blowing current 
duration of cur- 
rent impulse 0.1 
second 


Figure 4 (right). 
Demand current 
versus duty cycle . 
for fuses having 
differentconstants 
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* Note: Values of A and B calculated from slope of the I versus ¢ curve. 
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DUTY CYCLE (PERCENT) 


In a normal thermal device, the watts 
lost is proportional to #R, but in the 
case of a fuse, R is a function of the 
temperature and consequently, a func- 
tion of the current. Therefore, in equa- 
tion 1, 


A=a constant which combines the normal 
IR effect plus the effect of the change 
of resistance 

J=the current passing through the fuse 

t=the duration of current flow 


a log to/ty 


sre (2) 


where 


t; and ft, are two “‘times’’ to blow corre- 
sponding to the currents J; and J, 


te =(h/In) Ath (3) 


Ty is the current at which the fuse will blow 
at an infinite time (135 per cent of the fuse 
rating). 


In any standardized pieces of equip- 
ment, constants similar to A, B, and f, 
serve as points of comparison between 
similar products made by different manu- 
facturers and, in general, will be substan- 
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1/12 


CONSTANT "A" 


Figure 5. Method of determining constant A. 
Least ‘‘sensitive’’ combination of A |,/lo is at 
Log 1/0.1 
A=2 A= 
Log I, /le 


tially constant. By this is meant that 
electronic tubes, transformers, or resistors 
made by different manufacturers will 
have the same maximum operating tem- 
perature (proportional to B), the same 
heat exponent (equal to A), and the same 
time constant (proportional to ¢,). In an 
effort to see if there is any consistency 
among fuse manufacturers, the per- 
tinent data, including the constants A, B, 
and ¢, have been presented in Table I. 
The widespread divergence of all the 
values lead correctly to the conclusion 
that it is impossible at this time to write 
specific rules on application of fuses to 
resistance welding control. 

In order to get a better picture of the 
importance of the fuse data, the values 


AVERAGING TIME IN SECONDS (c) 


Figure 7. Method. of determining averaging 
time (t.) of a fuse 
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Figure 6 (right). 

Demand current ver- 

sus duty cycle for 
A=2.2 


DEMAND CURRENT (IOOAMPS.) 


of currents to blow at 1.0 and 0.1 seconds 
have been plotted on Figures 2 and 3. 
The figures show the blowing current 
ranges from +50 per cent of the average 
value. Since this variation precludes any 
attempt to determine a particular fuse 
rating for a given welder system, it is nec- 
essary to investigate each fuse individ- 
ually to determine how it shall be applied. 

The most convenient method of ex- 
pressing any rating in a welder system is 
by acurve giving the relationship between 
demand current and duty cycle, an ex- 
pression widely used in the welding in- 
dustry. In the appendix, the following 
expression was developed 


Ip=I(DC)/4 


3 
30 rt 
FL ae j= 


FUSE APPLIED 
WITHIN THIS RANGE 


20 


DEMAND CURRENT (lOO AMPS.) 


Stee 
100 200 300 400 500 600 
FUSE RATING (AMPS.) 


Figure 8. Actual practice of applying fuses 

to spot, projection, and gun welders. Vertical 

lines represent range in which fuses have been 
applied 
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where Jo is the current at which a fuse 
will blow as infinite time. This is 135 
per cent of fuse rating. J is the demand 
current, and DC is the duty cycle. A plot 
of duty cycle versus //(fuse rating) is 
shown in Figure 4. 

Since it can be seen that the constant A 
is extremely important in the application 
of fuses, it must be determined. This 
can be done from equation 2 when h=1 
and ¢;=0.1 second. Equationf2 then can 
be written 


pe logi 1/0.1 


Ae aE =2.30/log (11/I2) (5) 


This equation is plotted on Figure 5, 
which gives a convenient way to select 
A. It should be noted that the best com- 
bination of 1,/J, and A is at values of A 
around 2 (where the slope of the curve is 
45 degrees), since at this point is the 
point of “least sensitivity,” that is, small 
changes of either [,/Zz; or A do not affect 


FUSES APPLIED 
WITHIN THIS 
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DEMAND CURRENT (lOO AMPS.) 


a 
100 200 300 400 500 600 
FUSE RATING (AMPS.) 


Figure 9. Actual practice of applying fuses 
to seam welders. Vertical lines represent 
range in which fuses have been applied 
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the other variables appreciably. On the 
other hand, if A is small, small changes in 
A caused by variations in manufacturing 
methods will result in large variations in 
q;. Large values of A also imply large 
time constants (see Table I), which re- 
‘sult in mismatching of fuses and tubes. 

The| procedure for obtaining the neces- 
sary information for intelligently apply- 
ing fuses as suggested by the above pro- 
cedure is: 


1. Obtain from the fuse manufacturer J, 
and J», which are the currents to blow at 0.1 
second and 1 second. 


2. From /,/I, determine constant A from 
Figure 5. 

3. With this value of A, use the curve on 
Figure 4 to apply fuse or 


4. Use equation 4 to obtain a specific 
curve similar to those given in Figure 6. 


5. Determine the averaging time of the 
fuse from equation 3 or 


6. Determine the averaging time from 
Figure 7. 


Fuse Practice 


In order to check the preceding work 
with actual fuse practice, data were 
gathered on “demand current”’ versus fuse 
rating for both seam and spot welding. 
This information is presented on Figures 
8 and 9. On seam welders a 100-ampere 
fuse is used between 170 and 230 amperes. 
Checking this figure against Figure 6, 
it can be seen that the duty cycle for a 
100-ampere fuse operated at this demand 
is between 45 and 80 per cent. This is 
approximately the duty cycle at which 
seam welders operate. The 100-ampere 
fuse is used between 475 and 625 amperes 
for spot welders. Checking this against 
Figure 6, it can be seen that the duty 
cycle can be between 4.5 and 8 per cent. 
This is the duty cycle at which spot 
welders operate. 


Conclusions 


1. It has been shown that fuse char- 
acteristics are not standardized aad, 
therefore, it is impossible to make specific 
recommendations on the applications of 
fuses to resistance welding machines. 

2. A method has been proposed 
whereby it is possible to take the fuse 
characteristics of a given manufacturer 
and develop the necessary curve to be 
able to apply the fuses intelligently to an 
intermittent load. 

3. It has been shown that the results 
when using the proposed method com- 
pare favorably with actual practice. 
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Appendix 


In order to establish ratings for fuses 
operated on intermittent duty, it is neces- 
sary to develop a theory based on a simple 
model system. The system chosen and the 
assumptions made are these: 


1. The system is one in which heat is lost by 
conduction and therefore is proportional to the first 
power of the temperature difference between the 
fuse and its cooling medium, 


2. The model (the fuse) is a small mass in which 
the temperature at any time is uniform throughout. 


The differential equation giving the rela- 
tionship between the temperature, the 
energy input, and time during the heating 
portion of the cycle is: 


CMdé= Wdi— Kédt (6) 
where 


C=the specific heat of the model 

M =the mass of the model 

W =the watts input during the heating period 

K =the thermal conduction constant 

@=the temperature difference between the model 
and the cooling medium 

dé =the temperature rise of the model in the time d¢ 


Rearranging terms and integrating equa- 
tion 6 gives 
log (W—K@)=constant — Kt/CM (7) 
assume that at. t=O, the temperature is 0. 
This enables the ‘‘constant”’ to be evaluated. 


Evaluating this constant and solving for 6 
gives 


= W/K(1—e7'/"c) (8) 
where 
te = MC/K =the time constant 


If equation 8 is expanded it yields 


0=W/K oe) 4 LE = | (9) 


2! 3! 


when ¢ is small compared with f,, 
(/t¢)?=0 and (¢/f,)?=0 
Then equation 9 becomes 


6=Wt/Kte (10) 


For ignitrons operated near their thermal 
rating, J =k and equation 10 becomes: 


0=k tl /Kt, (11) 


where 
I is the current passing through the tubes. 
For welding transformers 


W= RoI? 
and equation 10 becomes 


6=kotI?/Kte (12) 


Since it is known that the resistance of 
fuse material is some function of current 
passing through it, the temperature in a 
fuse cannot be described as simply as by 
equations 11 and 12. For a fuse, equation 
W=k,/4 and equation 10 becomes 


O=kstl*/Kte (13) 
or 

B=u4 (14) 
A log I = log B/t (15) 
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If it is assumed that @ is a constant tem- 
perature at which a fuse will blow, then B 
also will be a constant. Then, if equation 
14 is correct, values of time (¢) and current 
(I) required to blow plotted on a log-log 
scale will yield a straight line. This is sug- 
gested by equation 15, since J and ¢ in this 
equation plot as a straight line. Plots of I 
and ¢ for commercial fuses are shown in 
Figure 1. This figure validates equation 15, 
since it does yield an approximate straight- 
line relationship in the time range selected. 
In the data examined equation 15 is not 
valid for time ranges greater than 10 seconds. 

Constant A can be evaluated from two 
sets of current and time values as follows: 


B=hI)* =bIe“ (16) 
or 
(I1/I2)* = te/ts (17) 
or ; 

_log ta/t (18) 


~ log I1/I2 


In order to determine this and the other 
constants 
ti has been chosen equal to 0.1 second 
tg has been chosen equal to 1,0 second 


J, is the current to blow at 0.1 second 
I; is the current to blow at 1.0 second 


Equation 13 should be expressed in terms 
of duty cycle to be useful to the resistance 
welding industry. In order to do this, it is 
necessary to determine the temperature at 
which the fuse will blow at an infinite time 
(equation 8) and equate it to 6 in equation 13 


6= W/K(1—e—'/"*) = Wo/K (19) 
but 

Wo=ksly* 

Therefore equation 19 becomes 

0=hly4/K 

equating this to equation 13 gives 

kalo“ /K =kstl“*/Kt 


or 


or 


t/te =(Io/I)“ (20) 


Duty cycle D is defined as 


However, since B (equation 14) is linear 
only for values of ¢ up to 10 seconds for the 
fuse data examined, values of ¢ in excess of 10 
seconds should not be used. For values of 
t in excess of 10 seconds the continuous rat- 
ing of the fuse should be used. 

In considering other fuses, the range of 
linearity of B may be determined from the 
manufacturer’s data and the 10 second limit 
may be altered as required. 

For purposes of determining A from 
equation 20, the continuous rating of a fuse 
should be taken as 135 per cent of the manu- 
facturer’s rating. 
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The Physical Mechanism of Low- and 
High-Current Arcs, and Their Relation 
to the Welding Arc 


WOLFGANG FINKELNBURG 


NONMEMBER AIEE 


ESEARCH on electric arcs at atmos- 
pheric (or higher) pressure has 
become confined more and more to studies 
of special cases of arcs by specially in- 
terested research groups. Typical ex- 
amples are the old low-current carbon 
arc, the modern high-current carbon arc, 
the different types of mercury vapor arcs, 
the high-power arcs encountered in 
switching high power loads in electric 
power houses, the contact arcs of different 
kinds, and, last but not least, the welding 
arc. Depending on their different aims, 
the various research groups concentrated 
their attention on very different phenom- 
ena. The carbon-arc engineer was in- 
terested in highest brightness and uni- 
formity of the positive crater and not at 
all in the inconspicuous arc stream 
whereas, conversely, the mercury arc de- 
velopment aimed at the highest possible 
concentration of excited atoms in the arc 
stream which here forms the source of 
Tadiation, without being too much in- 
terested in the role of the electrodes or of 
magnetic fields influencing the arc. The 
electric power engineer wants to suppress 
the arc, or extinguish it as quickly as pos- 
sible, and thus had to study deionization 
as well as the influence of external mag- 
netic fields and high-velocity gas streams 
on very long high-current are streams 
without being greatly interested in the 
electrodic mechanism of the are which, in 
turn, is of utmost interest to the contact 
engineer with his generally short contact 
arcs. The welding engineer, finally, is not 
interested in the radiation of the are at 
all. He strives for a stable, easily direct- 
able arc and thus had to study, among 
other features, the arc’s magnetic effects. 
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His main interest, however, had to be 
concentrated on the complicated phenom- 
ena of the material transfer through an 
arc of variable length, further complicated 
by restricting requirements concerning 
chemical and thermal processes at least at 
one of the electrodes, the work. 

It is not the aim of this paper to pre- 
sent any special solutions concerning the 
welding arc. We rather think it worth 
while to discuss the problem of electric 
arcs and their mechanism from a very 
general point of view, hoping that such a 
discussion also might shed some light on 
problems of the welding are. Particularly 
it might be of interest to discuss the prop- 
erties of the so-called high-current arcs, 
as distinguished from the low-current 
arcs, because a number of characteristic 
properties of the welding arc seem to be 
consequences of what we call the high- 
current are mechanism.!? 


The Mechanism of 
Electric Arcs in General 


The mechanism of any electric arc de- 
pends on the interaction of the three main 
parts of the discharge: the cathode drop, 
the anode drop, and the are stream. The 
cathode drop is necessary for the produc- 
tion of the electrons, which carry more 
than 99 per cent of the current, the anode 
drop for the production of the compensat- 
ing positive ions, whereas the arc stream 
is a column of high-temperature plasma 
which enables the current to bridge the 
gap between the electrodes. 

We stress first the fact that cathode 
and anode drop both are indispensable for 
the arc’s mechanism: the electron emis- 
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sion from the cathode tip may be either 
thermionic or may result from any other 
ionization process at or immediately in 
front of the cathode surface. If the elec- 
tron emission is thermionic, the cathode 
spot has to be kept at a sufficiently high 
temperature in spite of the fact that it 
continually loses energy by radiation and 
electron evaporation. The energy neces- 
sary to compensate for this loss can be 
provided only by the positive ions ar- 
riving at the cathode, after they have 
been accelerated by the cathode drop. 
In all metal arcs, the cathodic electron 
emission certainly is not purely ther- 
mionic. The mechanism of electron pro- ~ 
duction is not yet precisely known in this 
case, but there is no doubt that the 
energy required for the electron produc- 
tion in any case can be provided only by 
the ions accelerated in the cathode drop. 
Whatever the mechanism of cathodic 
electron emission may be in a particular 
case, a cathode drop therefore is indis- 
pensable, and by a detailed discussion it 
can be shown how in each case positive 
ions set up a space charge which is ob- 
served as cathode drop and which adjusts 
itself automatically so that the ions, ac- 
celerated in the space charge field (cath- 
ode drop), carry just’ the required energy 
to the cathode spot. 

With the anode drop, the situation is 
quite analogous. Here the electrons are 
accelerated in the negative space charge 
field in front of the anode, and thus ob- 
tain the energy which is necessary to pro- 
duce the positive ions which compensate 
for the electron space charge in the are 
stream. Again it is immaterial whether 
these ions are emitted from the incandes- 
cent anode (this is possible only for very 
high temperature anodes with metal com- 
pound surfaces) or by ionization in the gas 
or vapor in front of the anode. An anode 
drop is necessary in any case, though the 
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amount of the potential drop may depend 

largely on the special mechanism of the 

ion production. Again we have an auto- 

matic adjustment of the anode drop to the 

required extent of ion production and thus 

to the externally determined anodic cur- 
_rent density. 

It is evident from this discussion that a 
precise knowledge of the cathode and 
anode drop voltages, as well as the spatial 
extension of these potential drop regions 
as functions of the arc parameters, is of 
tremendous interest for a quantitative 
understanding (and technological control) 
of any high-pressure arc. So far only 
very rough figures for the potential drops 
near the electrodes are known, and no 
figures of their spatial extension are 
available. For that reason we have de- 
veloped, at the Engineer Research and 
Development Laboratories, a method of 
measuring those quantities by shooting 
thin metal probes into the arc until they 
touch the anode or cathode surface, re- 
spectively. The potential drop between 
this probe and the respective electrode, as 
well as the total arc voltage, the arc cur- 
rent, and the distance of the probe’s tip 
from the electrode surface, are recorded 
simultaneously by a multigalvanometer 
oscillograph. Absolute figures of the po- 
tential drops still are not too certain, be- 
cause it is difficult to determine the con- 
tact potential between such a probe and 
its surrounding plasma. However, 
changes of the cathode and anode drop, 
caused by changed discharge conditions 
or changed electrode materials, can be 
determined very accurately by this 
method. One of the most interesting re- 
sults of our work with this method so far 
has been that the spatial extension of the 
cathode and anode drop regions for carbon 
arcs at atmospheric pressure can be meas- 
ured, for the first time, and is found to be 
of the order of only a few hundredths of a 
millimeter. This result will help greatly 
in the development of a more quantita- 
tive theory of the electrodic processes of 
high-pressure arcs. As a variation of the 
previously described probe method, we 
used, so to speak, the negative electrode 
itself as a probe, thus recording the arc 
voltage and the arc current as functions 
of the simultaneously recorded distance 
of the two electrode tips, which in the 
process of measurement were quickly 
brought to contact and drawn apart 
again. 

It was a surprising result that also in 
this experiment cathode and anode drop 
often could be distinguished and could 
be compared with the results of the probe 
measurements proper, thus yielding ex- 
perimental figures for the unknown con- 
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tact potential between plasma and metal 
probe. 


Let us now consider the role of the arc 
stream and its properties. We mentioned 
already that the are stream can be re- 
garded as a column of low-resistance high- 
temperature plasma. The term “‘plasma’’ 
designates that strange physical state of 
any high-temperature gas or vapor which 
is distinguished from the normal gaseous 
state by a high electric and thermal con- 
ductivity, an appreciable concentration 
of dissociated, excited, and ionized atoms 
and molecules, and a number of optical 
and magnetic properties quite unusual 
for an ordinary gas. Because of the high 
temperature of the are stream, which 
ranges from 5,000 to 12,000 degrees 
Kelvin, depending on the conditions,? 
the gas density in the arc stream is so 
much lower than that in its cooler sur- 
rounding that we may regard this cooler, 
nonconducting surrounding as a wall 
which in many respects plays the same 
role as the glass wall in the conventional 
low-pressure discharge tubes. 


This plasma column which we call the 
arc stream conducts the current from 
cathode drop to anode drop. Its field 
strength (potential drop per centimeter 
length of the arc stream) is of the order of 
only 15 volts per centimeter in air and 
causes the electrons and ions to drift to- 
ward their respective electrodes. Some of 
them get lost continually by diffusing to- 
ward the ‘“‘wall’’ and recombining to 
neutral atoms or molecules. The field 
strength (are stream gradient) then ad- 
justs itself to such a value that in the 
average the same number of electrons and 
ions are formed by ionization as get lost 
by recombination in the outer regions. 
The higher the field strength in the arc 
stream, the higher the energy dissipation 
(power per centimeter arc stream length = 
field strength times current) and the 
higher the axial arc stream temperature. 
This relation also explains the apparent 
paradox that an arc stream attains a 
higher temperature if it is cooled by blow- 
ing against it. Blowing reduces the 
conductivity by removal of charge car- 
riers, so that the field strength increases 
in order to transport the impressed cur- 
rent, and this increase of the field strength 
in turn, by more violent collisions, leads 
to the observed increased temperature. 
From all this we see that the are stream 
gradient is, besides the arc stream diam- 
eter, the most important property of 
the arc stream which must be determined. 
K, H. Hoecker, P. Schulz, and the 
author* have developed a theory from 
which the axial temperature and its 
radial distribution in an undisturbed arc 
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stream can be computed, if diameter and 
gradient are known. Recently we also 
have used our moving-probe method with 
oscillographic recording for measuring 
are stream gradients, even for axial tem- 
peratures up to 12,000 degrees Kelvin. 
Two probes were flipped through the arc 
stream at two points one centimeter 
apart, and the potential difference be- 
tween each probe and one of the elec- 
trodes was recorded. The difference be- 
tween the two recorded peaks evidently is 
the potential drop along one centimeter 
of the are stream; this method is fairly 
free of inaccuracies because contact po- 
tentials and other causes of errors affect 
both probes in the same way and thus 
cancel, the gradient being the difference 
between the potentials measured at the 
two points of the arc stream. 


Low-Current Arcs and 
High-Current Arcs 


The arc mechanism discussed so far 
applies to all high-pressure arcs, inde- 
pendent of the amount of the arc current. 
Systematic studies of the carbon arc}? 
over a wide range of currents and elec- 
trode current densities, however, have led 
us to the belief that there are two basic 
phenomena which distinguish ares of high 
currents and high electrodic current densi- 
ties from those operated at currents be- 
low 100 amperes and below critical cur- 
rent densities which depend on the elec- 
trode material. The critical densities are 
approximately 100 amperes per centi- 
meter squared for the positive carbon and 
5,000 amperes per centimeter squared for 
the negative carbon. At electrode cur- 
rent densities above these critical values, 
vapor eruptions occur continually from 
the electrodes and appreciably influence 
the mechanism of the arc. The second 
effect depends on the absolute current 
(not the current density) and concerns the 
arc stream. At currents above approxi- 
mately 100 amperes, the formerly dif- 
fuse and structure-free arc stream seems 
to contract and forms a stiff column, of 
very high temperature, whose initial 
direction is always that of the negative 
electrode. Because of the far-reaching 
differences in the.arc properties which 
are indicated by these two high-current 
phenomena, we designate as a low-current 
arc every electric arc operated at currents 
below 80 amperes whose electrodic cur- 
rent densities remain below the critical 
values, so that no vapor eruptions affect 
the arc mechanism. Conversely, we des- 
ignate as a high-current arc every elec- 
tric arc at currents well above 100 am- 
peres whose arc stream exhibits the char- 


801 


acteristic contraction and stiffness which 
we mentioned and shall explain shortly. 
As an electrodic high-current arc, spe- 
cifically, we designate every electric arc 
whose current density at at least one of 
the electrodes is so high that vapor erup- 
tions, mostly in the form of vapor streams 
or vapor jets, influence its mechanism 
and properties. By this terminology, the 
high-current carbon arc, as used in search- 
lights and motion picture projection, is an 
anodic high-current arc with a well-es- 
tablished stationary high-current arc 
stream. I think, on the other hand, that 
most welding arcs have to be classified 
as cathodic or anodic high-current arcs, 
depending on whether the polarity of the 
electrode is negative or positive, with a 
high-current arc stream whose stationary 
radial temperature equilibrium is dis- 
turbed by the material and vapor transfer 
from the electrode to the work. 


The Mechanism of the 
High-Current Arc Stream 


We have studied the mechanism of the 
stiff, contracted high-current are stream 
in some detail in the current range up to 
400 amperes and have some scanty 
knowledge up to 1,000 amperes. The 
high-current are stream differs from the 
low-current arc stream in three main 
features—its ten times higher current 
density (1,000 to 3,000 instead of 100 to 
300 amperes per centimeter squared), its 
much higher temperature (10,000 to 
12,000 degrees Kelvin compared with 
5,000 to 7,000 degrees Kelvin), and its 
“stiffness,” which we mentioned pre- 
viously. The first two features are re- 
lated to each other, because a higher cur- 
rent density requires a higher concentra- 
tion of electrons and ions, and their pro- 
duction, in turn, requires a higher arc 
stream temperature. The arc, evidently, 
has two possible choices of reacting on 
a current increase: it can increase its 
diameter at constant temperature, or it 
can increase its temperature at constant 
diameter. The first possibility is repre- 
sented in the low-current arc stream, the 
latter is characteristic of the high-current 
are stream. This apparent contraction 
(or probably more correctly, nonexpan- 
sion) of the high-current arc stream seems 
to be caused, at least partly, by the arc’s 
own magnetic field. It is well known that 
parallel currents attract each other be- 
cause of the interaction of their magnetic 
fields. For this reason, the arc stream, 
which may be regarded as composed of 
independently mobile parallel paths of 
the electrons, tends to contract in diam- 
eter as the magnetic field increases, that 
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is, the higher the arc current and the 
smaller the arc stream diameter. 

The magnetic field of the arc has an- 
other, even more important, effect on the 
arc: it exerts a stabilizing influence. 
The stronger the magnetic field surround- 
ing a current, the stronger is its tendency 
to remain uniform along the path of the 
current, that is, to prevent kinks in the 
current’s path. Consequently, the mag- 
netic field of the arc current causes the 
“stiffness” of the are stream; it tries to 
remain in the prolongation of the axis of 
the electrode, fairly independent of air 
drafts which fundamentally influence the 
low-current arc. For this reason, we 
have called the high-current are field- 
stabilized. Being thus stabilized by its 
own magnetic field, the high-current arc 
stream also can be deviated from its 
direction fairly easily by external mag- 
netic fields. This is well known to the 
welding engineer. He has used guiding 
magnetic fields to direct the arc stream to 
the desired spot on the work and has 
learned how to avoid, by symmetrical 
current leads, undesired magnetic fields 
or to compensate for them, if they occur. 
For special problems, for instance the 
electric cutting of thick iron plates, a very 
stiff are stream at very high temperature 
seems desirable in order to produce very 
localized heating. Theoretically, mag- 
netic stiffness and arc stream temperature 
should increase with increasing current, 
and actually currents of more than 1,000 
amperes have been employed for this pur- 
pose. It would be of great interest to 
study high-current arc stream proper- 
ties (current density, temperature, po- 
tential gradient, and radiation charac- 
teristics) in more detail at these high 
currents. In the normal welding proc- 
ess, the arc stream temperature should 
be important also, because the welding 
speed as well as the structure of the bead 
must depend on the are stream tempera- 
ture (sufficient melting, but no bubble 
formation, and so forth). So far as I 
know, no temperature measurements 
have been made for the contracted weld- 
ing arc stream. Such a study would be 
of interest, far beyond the circle of the 
welding engineers, to all gas-discharge 
physicists. 


Electrodic Vapor Eruptions and 
Their Influence on the Arc 
Mechanism 


As already mentioned, an electrodic 
high-current are is characterized by 
electrode vapor eruptions which in- 
fluence the arc mechanism. Again the 
only test case which has been treated, 
experimentally as well as theoretically, in 
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some detail seems to be the high-current 
carbon arc, from whose positive crater a 
steady stream of carbon vapor is emanat- 
ing with a velocity between 10* and 10* 
centimeters per second, depending on the 
anodic current density. All the details 
of the interaction of this vapor stream 
with the space charges in the region ad- 
jacent to the positive electrode, and the 
consequent increase of the potential drop 
near the positive electrode, have been 
published in detail elsewhere..? T. B. 
Jones, in a most interesting paper,® has 
applied these ideas successfully in ex- 
plaining the behavior of metal anode 
spots of a high-current are whieh had 
much more similarity to a welding are. 


A transport of electrode material 
through the are also has been studied in 
the high-current carbon are. Since the 
anodic vapor stream mentioned previ- 
ously consists of carbon vapor (and those 
materials, vaporized, which we may have 
mixed into the carbon core), we find a ma- 
terial deposit if we bring the negative 
electrode (or any other electrode) into 
the anode vapor stream. If we operate 
the arc with reasonably pure carbons, we 
find as deposit, surprisingly enough, a 
very dense and hard graphite of high 
purity. Details are published elsewhere.* 
The fact as such is known to the welding 
engineer. Whenever he uses, for special 
purposes, a carbon electrode, he uses it 
with negative polarity, because other- 
wise he would find an undesired change 
of the work quality caused by an absorp- 
tion of carbon vapor by the molten spot 
of the work. 


In the customary welding are operation, 
the current density at the work is low; 
only at the electrode do we have a high 
current density and, consequently, the 
typical high-current mechanism. There- 
fore, we believe that, at least with posi- 
tive polarity of the electrode, vapor erup- 
tions of the kind studied in our high- 
current carbon arcs may have consider- 
able bearing on the transport of material 
(mostly in the form of liquid droplets) 
from the electrode to the work. For this 
reason, positive polarity of the electrode 
should be a decisive advantage. Vapor 
eruptions are also possible from the nega- 
tive electrode; 7~® however, they require 
much higher current densities. No doubt, 
besides vapor eruptions and electric 
forces affecting charged particles, there 
exist further mechanical forces in the dif- 
ferent are regions which act on larger 
objects such as metal droplets. Unfor- 
tunately, not too much seems to be known 
about their theory, though the forces 
themselves are well known to every 
worker in this field. 
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Conclusion 


In concluding this discussion of the 
fundamental properties and the mecha- 
nism of low- and high-current arcs, I 
should like to express the hope that the 
general outline of are physics may be of 
some help in studying the complex, non- 
stationary form of the welding arc, just as 
every investigation of its properties or be- 
havior is of great interest to the gas-dis- 
charge physicist in general. 


References 


1. HocusTROMKOHLEBOGEN, W._ Finkelnburg. 
Springer-Verlag, Berlin and Heidelberg, Germany, 


1951, Votume 70 


1948. English presentation (not as complete) : 
THE HicH CuRRENT CARBON ARGC, P B-81644, 
Office of Technical Services, Department of Com- 
merce, Washington, D. C., 1947. 


2. THe Hicw Carson Arc anp Its MECHANISM, 
W. Finkelnburg. Journal of Applied Physics 
(New York, N. Y.), volume 20, May 1949, page 
468. 


3. THeorY or THE HiGH-CURRENT ARC STREAM 
(in German), K. H, Hoecker, W. Finkelnburg. 
Zeitschrift fur Naturforschung (Wiesbaden, Ger- 
many), volume 1, 1946, page 305. 


4. ON THE Heat ConpDUCTIVITY IN THE HiIGH- 
CuRRENT ARC STREAM (in German), K, H, Hoecker, 
P. Schulz. Zeitschrift fur Naturforschung (Wies- 
baden, Germany), volume 4a, 1948, page 266. 


5. SysTEMATICS OF ELectrRic Arc Types (in 
German), W. Finkelnburg, K. H. MHoecker. 
Naturwissenschaften (Gottingen, Germany), volume 
33, 1946, page 55, 


6. FORMATION AND CHARACTERISTICS OF ANODE 
Spots IN HicnH Current Arcs, T. B. Jones. 


a 


Massachusetts Institute of Technology, Elec- 
tronics Conference, Cambridge, Mass., April 1949. 


7. PROpUCTION oF HicH VELocITY MeErcuRY 
Vapor JeTS BY SPARK DiscHarGEs, J. R. Haynes. 
Physical Review (New York, N. Y.), volume 73, 
April 15, 1948, page 891. 


8. ELECTRODE VAPOR JETS IN ARC AND SPARK 
DiscHarces, W. Finkelnburg. Physical Review 
(New York, N. Y.), volume 74, July 15, 1948, 
page 222. 


9. A THEORY OF THE PRODUCTION OF ELECTRODE 
Vapor JETS BY SPARKS AND Arcs, W. Finkelnburg. 
Physical Review (New York, N. Y.), volume 74, 
November 15, 1948, page 1475. 


No Discussion 


Finkelnburg—Physical Mechanism of Low- and High-Current Arcs 803 


New Electrodes for Stabilizing 
Inert-Gas Welding Arcs 


J. D. COBINE 


MEMBER AIEE 


ITH THE increased use of inert-gas 

are welding, especially in automatic 
welding machines, problems of arc igni- 
tion and stability become important. 
It is the purpose of this paper to discuss 
these problems and to describe new weld- 
ing electrodes which eliminate some of the 
difficulties. 

The conventional welding electrode is 
of some nonconsumable material, usually 
tungsten, and starting is accomplished 
either by contact or by a high-frequency 
spark. When spark starting is used, igni- 
tion may be quite erratic, depending on 
the previous history of the tungsten 
electrode. If the electrode is cold, the arc 
may not form immediately, or at all, and 
when formed it may be extremely mo- 
bile, with the footpoint moving rapidly 
over the tungsten surface. In an auto- 
matic setup, this type of behavior can 
lead to losses in both time and material. 
An example of what may happen is shown 
in Figure 1. This shows the effect on the 
work of slow starting and arc wander. 
In addition, damage may be done to the 
welding torch. 

The fundamental cause of the phenom- 
ena described lies in the nature of the 
current transfer at the tungsten surface. 
Since the wandering occurs only on 
straight-polarity welding (that is, the 
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tungsten is cathode), it is clear that we 
must inquire into the nature of the cath- 
ode spot on the electrode. For our pur- 
poses, we may consider briefly two types 
of cathode, namely, the thermionic and 
the cold cathode. A thermionic cathode 
is one which operates at a sufficiently high 
temperature to supply the required cur- 
rent on the basis of the Richardson- 
Dushman Law.! A cold cathode, on the 
other hand, does not require such a high 
temperature; the current is supplied by a 
mechanism which is not fully understood. 
It does appear that for a cathode spot 
to exist on a cold cathode, some oxide 
must be present on the surface.?:* 

In straight polarity inert-gas arc weld- 
ing, the tungsten electrode may serve as 
either type of cathode, depending on the 
operating conditions. When starting is 
attempted with a cold electrode, evi- 
dently an are cathode spot cannot be es- 
tablished unless there is some oxide pres- 
ent. If the arc does start, there are two 
possible conditions, depending on the 
amount of oxide present and on the elec- 
trode current density. If there is suffi- 
cient oxide, the cathode spot will stay on 
the tip and, if the current is great enough, 
the cathode will become a thermionic 
emitter as its temperature rises. If there 
is not enough oxide, the cathode spot 


“ 


1 


ve 


will quickly clean the surface at the spot 
itself and then wander to new oxide- 
bearing regions. This cleaning action 
and wandering can take place with great 
rapidity, before the electrode has be- 
come heated to the thermionic condi- 
tion. If the arc does not start, it is prob- 
ably because there is no oxide present. 
The high-frequency spark itself cannot 
establish a thermionic spot. The con- 
dition of no oxide on the electrode can 
be obtained easily if the electrode has 
once been operated and then allowed to 
cool in the inert atmosphere. Cooling in 
air does not solve the problem, since the 
oxidation is difficult to control and may 
produce a dirty weld on the next try. 

For straight polarity welding (elec- 
trode negative), the solution to the prob- 
lems discussed previously has been found 
in the form of specially prepared welding 
electrodes in which a highly refractory 
oxide has been supplied by several meth- 
ods. These electrodes, to be described 
in the following section, give highly 
reliable firing on high frequency with 
little or no delay and subsequent arc 
wander. They have, in addition, other 
desirable properties, such as low pickup 
voltage and greatly extended current 
range compared to tungsten. 


Types of New Electrodes 


One group of electrodes uses zirconia 
(ZrO) for the oxide, either as a coating 
or as a core. When used as a coating, 
the zirconia is applied to a tungsten rod 
in a thin coating, 1 to 3 mils thick, with a 


Normal tungsten electrode used in 
inert-gas arc welding 


Figure 1. 
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Figure 2. Wolt-ampere characteristics of arcs 
in argon (arc length=0.1 inch) 


suitable binder, such as water glass. 
Suitable high-temperature firing produces 
a hard, tenacious coat. As a core, the 
zirconia may be used in a shell of almost 
any metal, such as tungsten or tantalum, 
or the low-melting-point materials, such 
as copper, aluminum, or stainless steel. 

A second group of electrodes makes use 
of thoria (ThO,). The thoria may be 
used as a coating on tungsten, but best 
results were obtained when used either as 
a core, again in any of the metals, or as 
a component in a sintered material. The 
sintered electrode was made by extruding 
and firing a ball-milled mixture of thoria 
and tungsten powder. The optimum 
proportions appear to be about 15 parts 
of thoria to 100 parts of tungsten. 


Properties of New Electrodes 


The important properties of the new 
electrodes in so far as welding is con- 


cerned are: 
¢ 


1. Low open-circuit voltage required for 
reliable starting 

2. Large current-range for a given size of 
electrode 

3. Low arc voltage over the operating 
range of current 

4. Low rate of consumption of electrode 


material 


Items | and 2 are summarized in Table 
I for arcs in argon. 


It will be noted that the thoria-tung- 
sten and the zirconia-tungsten electrodes 
require much lower open-circuit voltages 
and also that the current range is extended 
considerably over that of pure tungsten. 
The minimum current for the thoria- 
tungsten can be made as low as 0.2 am- 
pere by using a smaller size electrode or 
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pointing a larger one. These low cur- 
rents may be of interest in special welding 
applications. 

With the low-melting-point metals, the 
maximum currents are lower than those 
of the tungsten-base materials. For 
example, with a copper tube with thoria 
core, the upper limit is about 150 to 200 
amperes. This holds for outside diam- 
eters of about 0.125 to 0.1875 inch, with 
the cross-sectional area of the core about 
one-half that of the copper. With the 
use of the low-melting-point metals, some 
of the metal vapor may appear in the 
are, especially at the high end of the cur- 
rent range. 

The volt-ampere characteristics of arcs 
in argon for three types of electrodes are 
shown in Figure 2. Ineach case, a water- 
cooled copper anode was used. Signifi- 
cant differences appear only below about 
50 amperes, in which case the drop is 
highest for tungsten and lowest for the 
sintered tungsten-thoria. The voltage 
drop increases at the high-current end of 
the tungsten-thoria characteristic prob- 
ably because of the increased voltage 
drop in the resistor, since the resistivity 
of the sintered material is about twice 
that of tungsten at the operating tem- 
perature. It was possible to start the arc 


with zirconia and thoria electrodes at 
any currents, but the tungsten would 


start only at higher currents. 
The rate of consumption of material 


Table |. Electrode Characteristics for Arcs 


in Argon 
Pure Zirconia- Thoria- 
Tungsten Tungsten Tungsten 


Open-circuit volt- 

age for starting 

with high-fre- 

quency spark, 

ViOlESE 2 /-'createie ies 4 ITO ia: Oe Roniac 25 
Current range, 

amperes 
1/16 inch diam- 


3/32 inch diam- 
eter approx-~ 


* Approximate. 

** PRACTICAL ASPECTS OF INERT GAS-WELDING, H. 
A. Huff, Jr.. A. N. Kugler. The Welding Journal 
(New York, N. Y.), volume 28, 1949, page 129. 


for all electrodes is, in general, less than 
for tungsten. When used in helium, 
slightly higher rates of loss are observed, 
due to increased heating, and possibly to 
less efficient repression of cathode evapo- 
ration by the lighter helium atom. 


Cathode Spot Phenomena 


It is of interest to note some differ- 
ences in the appearance of the various 
electrodes under operating conditions 
which might throw some light on the 
mechanism of the cathode spot. In 
Figure 3 are shown some photographs of 
the cathode spots on the different elec- 
trodes operating in argon at 40 amperes. 
The copper anode was moved slightly to 
one side to permit end-on viewing of the 
cathode. A pure tungsten electrode is 
shown in Figure 3A. The “spot” ap- 
pears to consist of two zones, a very hot, 
probably molten, zone in the center, with 
surrounding highly luminous ring of 
lower temperature. If the current is 
divided by the area of the inner zone, a 
current density of 4,600 amperes per 
square centimeter is obtained. If one 
uses instead the total luminous area, the 
current density is 2,940 amperes per 
square centimeter. If we assume that the 


Figure 3. Cathode spots on various elec- 
trodes (1/3-inch in diameter) 


Pure tungsten 

Zirconia-coated tungsten 

Thoria core in sintered tungsten tube 
Thoria core in copper tube 

Sintered tungsten thoria electrode 
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tungsten is a thermionic emitter at 4,000 
degrees Kelvin, the Richardson-Dushman 
equation gives a current density of 3,600 
amperes per square centimeter. It thus 
seems reasonable to assume that the 
tungsten is a thermionic emitter at a 
temperature above 4,000 degrees 
Kelvin. 

Figure 3B shows an end-on view of a 
tungsten rod coated with zirconia. Again 
two zones appear at the cathode spot. 
It was observed that the area in the 
center was not molten, but was covered 
with an intense blue glow. This is ap- 
parently the primary emitting area and 
corresponds to a current density of 
greater than 40,000 amperes per square 
centimeter. It seems highly improbable 
that such a current density could be sup- 
plied by thermionic emission.* The 
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zirconia-coated electrode appears to emit 
electrons by some ‘‘cold’’ cathode mech- 
anism requiring an oxide layer which is 
not fully understood. 

The effect of the thoria is different from 
that of the zirconia. The thoria-con- 
taining electrodes are shown in Figures 
3C, D, and E. Measurements of the 
current density on the thoria-cored copper 
tube lead to a figure of about 2,700 am- 
peres per square centimeter (Figure 3D). 
The observed temperature was about 
3,300 degrees Kelvin. The thermionic 
current density calculated for thoria at 
this temperature is 3,700 amperes per 
square centimeter, which is in reasonable 
agreement with the observed value, con- 
sidering uncertainties in the temperature 
and thermionic constants. 

The cathode spot on the sintered tung- 


i) 
“ 


4 


sten-thoria electrode is shown in Figure 
3E. The measured current density is 
2,320 amperes per square centimeter, 
again in reasonable agreement with the 
calculated value. Thus, the function of 
the thoria appears to be that of providing 
a low work function surface, so that the 
required current can be supplied by thefin- 
ionic emission at a temperature much 
less than would be possible with tungsten. 
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940-960 Megacycle Communications 


Equipment for Industrial Applications 


FRANK B. GUNTER 
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ISCUSSIONS on the reasons for de- 
velopment, the technical details, 
and the application of microwave com- 
munications equipment have been pre- 
sented previously.42? A study of the 
schematics for these equipments will make 
it obvious that microwave equipment is 
made up of arrangements of parts which 
differ widely from those normally en- 
countered in electronic equipment for in- 
dustrial applications. The purpose of this 
paper is to show why this difference exists. 
For example, it will be shown why a mi- 
crowave receiver may need 20 or more 
tubes and a power-line carrier receiver 
may require only one tube. To illustrate 
why microwave equipment is different, 
an analysis will be made of portions of the 
Westinghouse type FB 940—-960-mega- 
cycle communications equipment. 


Frequency 


The most obvious difference is in the 
frequency at which the equipment oper- 
ates. Generally speaking, frequencies of 
about 1,000 megacycles and higher are 
considered microwave frequencies. Cer- 
tain bands of frequencies have been set 
aside by the Federal Communications 
Commission for fixed station operation 
for industrial applications. These bands 
are shown in Table I. 

' The choice of frequency band is de- 
pendent on many factors. Among these 
are availability of components, propaga- 
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tion characteristics, number of signals to 
be transmitted, and type of modulation. 
The design of the equipment depends to 
a large degree on the band chosen. 

The Westinghouse type FB equipment 
will operate in the 952-960-megacycle in- 
dustrial band. Some of the reasons why 
this band was chosen are: 


1. There is adequate spectrum for the serv- 
ices contemplated. 


2. The use of many conventional circuits 
is permitted, giving lower initial cost and 
cheaper maintenance costs. 


8. Availability of suitable components at 
low cost. 

4. Better propagation characteristics. 

5. Simpler installations since equipment 
may be located indoors in convenient posi- 
tions and connections made to antenna with 
relatively low cost conductors. 


Frequency Control 


It is desirable for spectrum economy 
and mandatory because of governmental 
regulations that the center or carrier fre- 
quency of most radio communications 
systems be kept constant within very nar- 
row limits. These limits usually are 
specified as a percentage of center fre- 
quency and are met in low-frequency 


equipment by using crystals or inductance 
capacitance circuits whose electrical con- 
stants do not vary appreciably with tem- 
perature, voltage, or loading. 

As we go higher in frequency with crys- 
tal oscillatars, the point is reached where 
crystals cannot operate at transmitter 
output frequencies and are forced to add 
multiplier stages after the crystal oscil- 
lator to get the desired output frequency. 
The multiplier stages have the disadvan- 
tage that they multiply the error in center 
frequency and also give many undesired 
frequencies which may interfere with 
other services. 

As we go higher in frequency with 
ordinary inductance capacitance circuits, 
these circuit elements get so small that 
the changes due to thermal expansion 
alone are often sufficient to cause exces- 
sive drift in carrier frequencies. It is 
necessary to make these elements of ma- 
terials having high dimensional stability 
or else go to elaborate circuits to compen- 
sate for the variations. 

When the carrier frequency of a com- 
munications transmitter and the local 
oscillator of a communications receiver 
vary, there are two ill effects. First, 
fewer channels can be placed in a given 
bandwidth and second, the acceptance 
band of the receiver must be greater, 
permitting additional noise to be received. 
To illustrate this point, at several fre- 
quencies, Table II was prepared assuming 
amplitude modulation with maximum 
modulating frequency of 3 ke, transmitter 
and receiver local oscillators each with a 
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Poor Use of Frequency Spectrum 
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frequency stability of 0.005 per cent, and 
noise of constant amplitude at all fre- 
quencies. 

Table II demonstrates that even with 
relatively good frequency control the 
amount of spectrum used up due to varia- 
tions in transmitter center frequency 
gets very large with respect to that re- 
quired for intelligence transmission and 
further that the wide receiver bandwidths, 
necessary to make allowance for these 
variations, permit excessive noise to be 
accepted. The poor use of the spectrum 
illustrated in Table II for single-channel 
amplitude modulation is one of the rea- 
sons why single-channel microwave equip- 
ments are seldom used. If several com- 
munications circuits are multiplexed and 
this composite signal used to modulate 
one microwave carrier, much better use 
is made of the spectrum. This can be 
demonstrated by the example of Table 
III, based on multiplexing four signals 
(on an amplitude-modulation basis with 
2-ke guard bands) and using the same 
oscillator stability as in Table IT, 

An analysis of the receiver bandwidth 
per signal given in the last column of 
Table III leads to the conclusion that 
very close frequency control is desirable 
if the microwave spectrum is to be used 
efficiently. It is obvious from Table I, 
however, that at the higher frequency 
hands there is enough spectrum available 
to allow for bandwidths per signal which 
would be prohibitive at lower frequencies. 


5.802~5.926 mc 
FROM PRECEDING STAGE 


In the design of the type FB Micro- 
wave equipment, crystal control was sup- 
plied for both transmitter center-fre- 
quency control and receiver local-oscil- 
later control. The receiver crystal oper- 
ates at about 28 megacycles and is fol- 
lowed by multiplier stages particularly 
designed to minimize the production of 
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Figure 1. Block 
diagram of com- 
plete _ultrahigh- 
frequency trans- 
mitting system 


spurious signals. The transmitter crystal 
operates at about six megacycles. This 
low frequency was necessary because of 
the type of modulation. To minimize 
spurious signals, all multiplier stages in 
the transmitter up to 160 megacycles 
were made push-pull triplers which have 
practically no even-order harmonics. At 
the higher frequencies, the multiplier 
stages were shielded to reduce spurious 
output. 

The variations in transmitter output 
and receiver local-oscillator frequencies 
for a 50-degree variation in ambient tem- 
perature are each +15 ke, giving a total 
increase in receiver bandwidth to make 
allowance for frequency variation of +30 
ke or 0.003 per cent of center frequency. 


Method of Modulation 


As has been shown, the use of ampli- 
tude modulation with realizable frequency 
stabilities results in poor usage of the 
spectrum and results in reduced signal-to- 
noise ratios. Frequency modulation, 
pulse-time modulation, pulse-code modu- 
lation, and other systems which give bet- 
ter signal-to-noise ratios at the expense 
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of a not too great percentage increase in 
bandwidth required per channel normally 
are used in microwave equipments. The 
general type of modulation used in a fre- 
quency band is determined by available 
components, techniques, and bandwidth 
as well as economic considerations. 

In present-day microwave systems, 
phase and frequency modulation are 
usually used when the number of signal 
channels to be transmitted over a single 
microwave equipment is less than ten. 
This is true whether the signal is a 3-ke- 
wide voice frequency circuit or a 4-mega- 
cycle-wide television circuit. When the 
number of channels is greater than ten, 
pulse-type systems usually are used. 

In selecting the type of modulation to 
be used on the type FB equipment, it was 
decided that a maximum of seven voice- 
frequency channels would meet most of 
the industrial applications for which it 
was intended. Crystal control was de- 
sirable for the reasons outlined previously. 
An analysis of methods for obtaining 
suitable modulation with crystal control 
led to the conclusion that phase modulat- 
ing a low frequency crystal output and 
multiplying its deviation to obtain the 
desired deviation in the transmitter out- 
put would be the simplest and most fool- 
proof system. 

Phase modulation has the character- 
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Figure 2. Schematic diagram of push-pull 
tripler stage used in microwave transmitter 
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istic, however, that the amount of devia- 
tion is directly proportional to the fre- 
quency of the modulating signal. At 
first, it would appear that this is desirable 
since it gives a constant deviation ratio 
and improvement in signal-to-noise ratio 
for all modulating frequencies. An analy- 
sis of the characteristics of the noise 
encountered in an operating system, how- 
ever, indicates that low frequency noise 
predominates and that the same signal-to- 
noise ratios can be obtained at high modu- 
lating frequencies with a greatly decreased 
deviation ratio. Accordingly, it was de- 
cided to modulate the transmitter with a 
signal whose amplitude was inversely pro- 
portional to frequency to give essentially 
constant deviation at all modulating fre- 
quencies. Thus, the equivalent of fre- 
quency modulation has been obtained 
indirectly without the excessive cost of 
center-frequency stabilization required 
for direct frequency modulation and at 
the same time a major saving in band- 
width over phase modulation has been 
made. 

To minimize crosstalk and intermodula- 
tion in the several signals to be trans- 
mitted, it is necessary that the distortion 
introduced by modulation be very low. 
Usually, variable reactance circuits are 
used in phase modulators, and very ac- 
curate tuning of the reactance circuit is 
required to obtain very low distortion 
with most ‘such circuits. The phase 
modulator used in the type /B equipment 
is a variable conductance type which is 
not highly critical in adjustment for dis- 
tortion percentages less than one per cent. 
This phase modulator uses a triode-type 
tuke and shifts the phase of the current in 
a plate tank circuit which is common to 
the modulator and a buffer amplifier 
driven by the crystal oscillator. The 
complete transmitter is shown in block 
diagram in Figure 1 with the tube types 
indicated. 


Frequency Multiplication 


As indicated previously, it is not possi- 
ble to get oscillator crystals which will 
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Figure 3. Outline and 

equivalent schematic for 

driver and output stages of 
microwave transmitter 


operate at frequencies in the microwave 
spectrum. If crystal control is used in a 
microwave transmitter, then it is neces- 
sary to multiply the output of the crystal 
oscillator to get the desired output fre- 
quency. Also if distortion is to be kept 
at a minimum in a phase modulator, the 
range of phase deviation in the modulator 
must be kept small, necessitating several 
subsequent multiplier stages if a reason- 
able deviation ratio is to be obtained in 
the output signal. In the type FB equip- 
ment, the transmitter crystal frequency 
of approximately 6 megacycles is deter- 
mined by the low-distortion requirements 
and the required deviation ratio, Tests 
proved that (1) within the allowable dis- 
tortion limits, a frequency deviation of 
about 200 cycles was the maximum per- 
missible, and that (2) an output deviation 
of approximately 35 ke was required for 
the desired signal-to-noise ratio. These 
two factors determine that a multiplica- 
tion of about 160 times is required in the 
transmitter. 

As mentioned previously, multiplica- 
tion increases the possibility of spurious 
radiation and increases the error in crystal 
frequency. To minimize spurious radia- 
tion, push-pull tripler stages similar to 
those in Figure 2 were used wherever 
possible in the transmitter. This gave a 
multiple advantage. First, even-order 
harmonics are cancelled out by the push- 
pull action of the tube. Second, the oper- 
ating frequencies of successive stages are 
separated enough so that circuit constants 
can be selected to obviate the possibility 
of tuning to the wrong harmonic, Third, 
the use of push-pull circuits with a small 
amount of positive feedback enables tubes 
of low rating to operate at high efficiency. 
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Three tripler stages and a buffer ampli- 
fier of conventional design give a multi- 
plication of 27 times to arrive at a fre- 
quency of approximately 160 megacycles, 
as shown in Figure 1; at frequencies 
much higher than this, conventional cir- 
cuits have low efficiency and generally 
are not used. The two final multiplier 
stages of the transmitter use re-entrant 
coaxial circuits as tuned elements and 
utilize tubes that have very low interelec- 
trode spacing and capacity and a mechan- 
ical configuration which permits conveni- 
ent application to coaxial tank circuits. 
The first of these tubes is a tripler stage 
with an output frequency of 480 mega- 
cycles and the second is a doubler stage 
having an output in the 940 to 960-mega- 
cycle band. 

The mechanical construction and a 
roughly equivalent schematic circuit for 
the last two stages of the transmitter is 
shown in Figure 8. Tubes, circuit con- 
stants, and operating voltages were se- 
lected to give 5 watts’ output. Provision 
was made, however, in the design to per- 
mit operation at 15 watts’ output where 
desirable, 


Propagation and Antennas 


At microwave frequencies, transmission 
usually is limited to line-of-sight paths. 
With unity-gain antennas, the transmis- 
sion losses even with line-of-sight paths 
are very high and would require very 
high power transmitters to get even short- 
range operation. It is possible to get 
economical transmission over reasonably 
long distances because of two factors, Be- 
cause of the short wavelength, it is possi- 
ble to build relatively small antennas 
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ceiver noise is generated in the first high- 
gaan stage of the receiver. It is impor- 
tant, therefore, to give serious study tothe 
design of these stages. Amplifiers operat- 
img at microwave frequencies usually 
have poor noise characteristics, making 
it desirable to convert the microwave 
signal to 2 lower frequency by means of a 
low nose converter and then to use 
amplifiers having better noise character- 
to do the amplification. A synthetic 

is usually used as a mixer in 
the imput circuits of microwave receivers 
to comvert the microwave frequency to a 


much lower frequency. 
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erystal diode 


In the type FB microwave receiver, a 


type 1N25 crystal having low noise figure 
good overload characteristics is used 


This crystal, which is housed 
n Figure 4, is fed 
the receiver antenna and 
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Receiver Noise Considerations 


As indicated, at microwave frequencies 
the predominant noise is that generated 
in the receiver itself, Most of this re- 
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The f first two stages of the high-inter- 
mediate-frequency amplifier are con- 
nected in a circuit which has the low noise 
characteristic of a triode and the high 
gain characteristic of a pentode tube.* 
These two stages effectively act as the 
first high-gain stage of the receiver and 
their low noise figure gives the entire 
receiver a low noise output. 


Receiver Spurious Response 


Since in most microwave receivers a 
crystal or other mixer having a very wide 
frequency response is used in the input 
circuits, there is danger of undesired sig- 
nals being accepted by the receiver and 
producing interference or unsatisfactory 
operation by saturating the input circuits 


Figure 4. Crystal diode used as mixer in input 


stage of microwave receiver 
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so that the desired signal is not received. 

In the type FB receiver a tuneable- 
cavity-type preselector is used in front of 
the mixer crystal. This preselector, to- 
gether with the last multiplier stage of the 
local oscillator multiplier chain and the 
crystal mixer, are shown schematically in 
Figure 6. The upper portion of Figur¢,6 
enclosed in the heavy lines represents the 
preselector. The lower portion is the 
multiplier stage of the local-oscillator 
source. The incoming and local oscillator 
signal are fed by L-4 to the crystal mixer. 
To give increased protection against the 
likelihood of undesired signal at fre- 
quencies higher than the desired one get- 
ting through to the mixer, an additional 
low pass filter comprising C-1, L-6, and 
C-4 is included in the circuit to the mixer. 

Laboratory tests on the type FB re- 
ceivers indicate that the rejection of 
spurious signals is more than 70 decibels. 


Receiver Gain 


As pointed out in the foregoing, the 
high path attenuation and low noise at 
microwave frequencies make it possible 
to operate with satisfactory signal-to- 
noise ratios with very low input signals. 
In order to get maximum range, these 
very low input signals must be amplified 
to a usable level and thus the intermedi- 
ate frequency amplifiers of microwave 
receivers must have very high gain. In 
the design of amplifier for microwave re- 
ceivers using pulse or other wide band 
modulation, it is not possible to realize a 
large gain per stage for two reasons. 
First, the gain per stage must be kept low 
enough to prevent oscillation due to feed- 
back through tube interelectrode capac- 
ity. Second, for a given tube type and 
circuit, the product of gain and band- 
width is a constant. For a 6AK5 tube, 
this gain bandwidth product is approxi- 
mately 62 megacycles per second, which 
means that for a bandwidth of 6 mega- 
cycles a gain per stage of only 10 could be 
realized. In any tube, the gain band- 
width product is given by Gm/2rC, 
where C is the sum of input and output 
capacity of the tube and stray ig fap of 
the circuit. 

In the type FB microwave receiver, a 
total gain of 90 decibels in the high-inter- 
mediate-frequency amplifier and 70 deci- 
bels in the low-intermediate-frequency 
amplifier is obtained. The 67-megacycle 
strip has a bandwidth of 1.2 megacycles 
and the 10.7-megacycle strip has a band- 
width of 0.3 megacycle. 

In the design of such high-gain ampli- 
fiers, extreme caution has to be taken to 
provide safeguards against oscillation. 
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Lead lengths must be kept to an absolute 
minimum. The importance of this is 
illustrated by the fact that a l-inch-long 
length of number 20 wire has a reactance 
of 8 ohms at 60 megacycles. In the type 
FB receiver each intermediate-frequency 
amplifier uses a separate subchassis with 
dimensions designed to keep lead lengths 
down and to act as a section of waveguide 
operating below cutoff frequency in 
order to attenuate feedback which is 
actually radiated from one circuit to 
another in the amplifier. 


Receiver Input Variations 


In microwave systems, there usually 
are relatively wide variations in receiver 
input levels due to differences in path 
lengths, multipath transmission, and 
other causes. In practically all systems, 
some device is used to keep the input to 
the detector of the receiver essentially 
constant. On frequency-modulated re- 
ceivers, these amplitude variations could 
be eliminated completely without any loss 
of intelligence and, in fact, should be 
eliminated for low-distortion output from 
discriminators and other frequency detec- 
tors. These amplitude variations are re- 
moved in frequency-modulated receivers 
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Figure 6. Equivalent schematic of microwave 
receiver input circuits including tunable- pre- 
selector and crystal mixer 
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Figure 5. Block diagram of 
complete ultrahigh-frequency 
receiving system 


by a limiter. This limiter can be either 
one or two stages, with the 2-stage type 
usually preferred. 

In the type FB receiver, a 2-stage 
limiter is used. The first limiter stage 
utilizes 134 crystals and the second is 
a grid-bias type having a very short time 
constant to enable it to remove the very- 
high-frequency amplitude modulation 
caused by adjacent channel signals. 


Detectors 


The type of detector used in a micro- 
wave system depends, of course, on the 
type of modulation used. Generally 
speaking, however, the much greater sig- 
nal bandwidth used and the necessity for 
eliminating harmonic products and inter- 
modulation of the multiplicity of signals 
which may be transmitted over a single 
channel demand very great care in the 
design of detectors. System distortions 
of the order of 4 or 5 per cent which are 
ordinarily acceptable with low-frequency 
equipment would cause prohibitive inter- 
modulation and crosstalk on many micro- 
wave equipments. Pulse-time, pulse- 
width, and _ pulse-code modulation 
schemes are completely different in phi- 
losophy to the schemes normally used in 


sll 


low-frequency equipment and therefore 
require completely different types of de- 
tectors. 

In the type FB receiver, the incoming 
signal is of the frequency-modulation 
type. The frequency detector is designed 
to have excellent linearity out to +400 
ke over wide variations in temperature. 
The distortion in a complete system con- 
sisting of a type FB transmitter and a 
type FB receiver is less than 1 per cent. 

Mierowave equipment uses the same 
kinds of parts applied in the same general 


manner as in low-frequency equipment. 
However, because of the wide frequency 
spectrum available, realizable antenna 
gains, propagation characteristics, and 
economic considerations, microwave 
equipment is widely different from low 
frequency in design and application. 
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|ICROWAVE channels promise to 
become a vital part of the over-all 
communication networks on most power 
systems and in many industrial applica- 
tions.* However, very little has been 
published to date on the practical 
methods of selecting and applying point- 
to-point microwave equipment. For this 
reason, it seems appropriate to present at 
this time a discussion of some of the prob- 
lems encountered in applying microwave 
channels, along with practical data and 
formulas that have been found useful in 
microwave application. 

The establishment of a microwave 
channel requires consideration of a num- 
ber of different factors. Among these is 
the selection of the frequency band to be 
used, the selection of the sites for the 
terminals, the calculation of the free- 
space loss between the antennas, which in 
turn influences the selection of the 
antenna size, and the calculation of other 
losses, such as the loss between the trans- 
mitting and receiving equipment and the 
antennas. 


Selection of Frequency Band 
(¢ 

The Federal Communications Commis- 
sion has assigned various frequency bands 
in the microwave region from 952 to 
30,000 megacycles for commercial point- 
to-point service. These bands, not in- 
cluding those assigned exclusively for 
common carrier service, are shown in 
Figure 1. The bands that will be used 
initially by power systems and others 
will probably be the lower-frequency 
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bands, 952 to 960 megacycles, 1,850 to 
1,990 megacycles, 2,110 to 2,200 mega- 
cycles, 2,450 to 2,700 megacycles, and 
6,575 to 6,875 megacycles. This is ex- 
plained in part by the propagation char- 
acteristics of these frequencies as com- 
pared with the higher frequencies. 


952 to 960 Megacycles, Fading is least 
severe in this band, but antennas of a 
given power gain are larger than antennas 
for higher bands. Several watts of power, 
more than adequate for good signal-to- 
noise ratio over most practical line-of- 
sight distances with antennas of reason- 
able size, can be generated in transmitters 
of more or less conventional design using 
crystal oscillators and frequency-multi- 
plying stages. The only departure from 
conventional low-frequency practice that 
is required is the use of tunable cavities 
or tuned lines instead of lumped-constant 
resonant circuits in the final multiplying 
stages. Disk-seal or “‘lighthouse”’ tubes, 
which are similar in their operation to 
conventional tubes, can be used in the 
final stages, and therefore the use of 
klystrons or magnetrons is unnecessary. 
Solid-dielectric flexible coaxial cable can 
be used between the transmitter and the 
antenna with moderate losses for lengths 
up to several hundred feet, making it pos- 
sible to install all equipment except the 
antenna indoors at ground level. This 
band is narrowet than the higher-fre- 
quency bands, but its 8-megacycle width 
can accommodate a large number of chan- 
nels in a given area, particularly if full 
advantage is taken of line-of-sight charac- 
teristics, antenna directivity, and fre- 
quency spacing. This band appears to be 
the most promising one for immediate 
use where a small number of «multiplexed 
channels is required. 

1,850 to 1,990, 2,110 to 2,200, and 2,450 


to 2,700 Megacycles. The relatively 
greater width of these bands makes them 
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particularly suitable for systems using 
time-division or wideband frequency- 
division multiplexing methods, in which 
a large number of channels per microwave 
frequency may be used. Many of the 
advantages of the 952-960-megacycle 
band are retained, although to a some- 
what lesser degree. Tube efficiencies are 
lower, but disk-seal triodes have been 
developed for several watts’ output at 
frequencies up to 2,500 megacycles and 
may be used over most of these three 
bands. Crystal-controlled transmitters 
do not appear economically feasible, be- 
cause of the high order of frequency 
multiplication required, and frequency 
stability is an important design and oper- 
ating factor. Automatic frequency con- 
trol may be required in receivers, which 
offsets materially the gains in simplicity 
made by eliminating crystal control of the 
transmitters. Onlyshort lengths of flexible 
coaxial cable can be used, and the rigid 
coaxial cable or waveguide required for 
longer distances increases installation ex- 
pense. An alternative is to mount the 
transmitter proper close to the antenna, 
but this usually is undesirable from a 
maintenance standpoint. Smaller an- 
tennas can be used for a given gain in 
these bands than for the 952 to 960- 
megacycle band, but large antennas may 
be required to provide adequate margin 
for the more severe fading which can be 
expected in these bands. 

In general, these bands appear best 
suited for trunk-line installations where 
large numbers of individual voice-fre- 
quency channels are required between 
two points. 


6,575 to 6,875 Megacycles. In this band 
the use of klystrons or magnetrons is 
practically required, since disc-seal or 
lighthouse types are not readily applica- 
ble. Enormous power gains can be ob- 
tained with parabolas of relatively small 
diameter as compared with those for 
lower-frequency bands, but the rigidity 
required of the antenna mountings with 
the extremely sharp beams obtained is an 
important consideration. Wave guide 
must be used between the transmitter- 
receiver and the antenna unless the dis- 
tance is extremely short. Alternatively, 
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operational) allocations in the microwave 
frequency spectrum 


the radiating antenna can be mounted 
near the ground and directed upward to 
illuminate a 45-degree plane reflector at 
the tower top. However, this system 
also imposes severe requirements with re- 
spect to rigidity of mounting. Attenua- 
tion caused by rain, sleet, and snow be- 
comes noticeable in this band. For ex- 
ample, as shown by Figure 2, a cloudburst 
can cause an attenuation of 1.3 decibels 
per mile at 5 centimeters (6,000 mega- 
cycles).* Offsetting this, however, is the 
fact that rain of cloudburst proportions 
is not likely to be encountered over an 
appreciable percentage of the total length 
of a channel. Also, fading caused by 
multipath propagation and other effects, 
for which some margin must be provided 
in establishing the channel, is most severe 
during calm atmospheric conditions. *® 
Therefore, some of the fading margin can 
be applied as a safety factor against rain 
attenuation. 


Selection of Site 


Since microwave signals do not follow 
the curvature of the earth, as do signals 
in the lower-frequency radio bands, it is 
necessary to provide a line-of-sight path 


814 — * 


Figure 


IOS 726i he Aes 2 
WAVE LENGTH IN CENTIMETERS 


10 08 O06 


2. Rain attenuation as a function of 
wave length 


between the antennas, and, as an addi- 
tional safety factor, a path clearance of at 
least 50 feet from all obstructions usually 
is recommended. It has been reported by 
a number of observers that fading is con- 
siderably more severe when a grazing or 
near-grazing path is provided than when 
some clearance is available. 

spherical earth, the formula 


Over smooth 


St 
h=—+50 (1) 
6 
gives with sufficient accuracy the antenna 
height in feet required at each terminal to 
give 50-foot clearance for a channel of 
length S miles. The derivation of equa- 
tion 1 is given in Appendix I. Table I 
shows typical antenna heights calculated 


ad 


Typical Antenna Heights i 


Table |. 
Distance, Antenna Height, 
Miles Feet 
ET NOUR Ru 5A 
10..0on Osea eg ae 67 
1B deg. oS 87 
20 i..g.\ aia ravage CoRR 116 
80.075 kote oe 199 
40)... dares Bae saat 314 “ 
BO isso nacre hy steer ee 462 


from this formula for channels of various 
lengths. 

In the practical case, however, smooth 
spherical earth is rarely encountered, and 
it usually is necessary to obtain topo- 
graphical maps of the region in question 
and to make a profile drawing of the pro- 
posed route. The most convenient 
method of correcting such a drawing for 
earth curvature probably is to plot the 
profile directly from the topographical 
maps, without correcting for curvature, 
and then, as shown in Figure 3, to correct 
the height of the most prominent ridges 
or other obstructions by the equation 


9 
y= 3(Sx—a*) (2) 


where y is the correction in feet at a dis- 
tance « miles from either end along the 
total path length, S miles (Appendix IT). 
If topographical maps are not available 
for the region in question, aerial naviga- 
tions maps sometimes are obtainable, and 
these provide similar information. 

It usually is advisable to consider sev- 
eral alternate locations of the microwave 
terminals in an effort to find the one which 
requires theleastantennaheight. Itsome- 
times will be more economical to locate a 
microwave terminal at some distance 
from the actual point of utilization of the 
transmitted intelligence, using leased or 
privately owned telephone pairs to carry 
the information from the microwave 
equipment to the utilization point, rather 
than to locate the terminals directly at 
that point. 


y= © (sx-x2) FEET 
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Figure 3. 
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Method of correcting a profile map for earth curvature 
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In any case, after the sites are tenta- 
tively selected, it is advisable to survey 
the actual locations to make sure a line-of- 
sight really exists, since there may be 
some obstruction not shown on the topo- 
graphical maps. 


Calculation of Free-Space Loss 


Microwave transmitters and receivers 
are rated in terms of the maximum deci- 
bels of attenuation through which they 
will operate successfully. This rating is 
the total attenuation from the transmitter 
output terminals to the receiver input 
terminals, and its calculation must include 
the loss in coaxial cable at both terminals, 
if such cable is used, as well as the loss of 
energy in free space. The latter loss 
usually makes up by far the greater portion 
of the attenuation of a channel. The 
derivation of the equations for the calcu- 
lation of this loss is given in Appendix 
Ill. The basic equation is 


8r \2 
Free-space loss = 10 logie{ —— } s? decibels 
: wd? 
(3) 


in which A, d, and s are the wave length, 
the paraboloid diameter, and the channel 
length, respectively, all in the same units. 
An equation better suited for practical 
use is 
. 32 

Free-space loss = 10 logo ~ pps * 1014 

decibels (4) 


in which 5S is the distance in miles, f is the 
frequency in megacycles, and D is the 
antenna diameter in feet. The nomo- 
graphic chart of Figure 4 solves this equa- 
tion for a wide range of frequencies, chan- 
nel lengths, and antenna diameters. If 
teflectors of different diameters are used 
at the sending and receiving ends, the 
equation becomes 


.745,S? : 
PDADe* 10 
decibels (5) 


Free-space loss = 10 logio 


The chart can be used for problems in- 
volving transmitting and receiving an- 
tennas of different diameters provided 
V D,D, is used for antenna diameter in 
reading the scales. 


Beam Width 


Beam width is usually defined as the 
angle between the half-power points of the 
beam, that is, the angle between the two 
coplanar lines along which the energy 
density is half that along the axis of the 
parabola at the same distance. In terms 
of wavelength and the diameter of the 
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paraboloid the beam width is given the- 
oretically by 


-* radians (6) 
or 
6=57.3 ee degrees (7) 
D 


In practical cases, due mainly to uneven 
illumination of the reflector by the dipole, 
the actual beam width is about 20 per 
cent greater, or 


6=70 - degrees (8) 
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If extremely narrow beams are used, the 
deflection of the antenna supports as a 
result of wind loading should be checked 
carefully to make certain that the aiming 
of the antennas remains correct within 
half of the beam width under any wind 
conditions that are likely to be en- 
countered, 

Maximum deflection at. both 
will result in a loss of a total of 6 decibels, 
but since deep fading is not likely to occur 
under turbulent atmospheric conditions, 
it should not be necessary to include this 
loss in estimating the maximum attenua- 
tion of the channel. 
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Coaxial Cable Loss 


The losses in type RG-8/U and RG- 
17/U cable at frequencies in the micro- 
wave region are shown in Figure 5. 
Losses in the corresponding armored 
types, RG-10/U and RG-18/U, respec- 
tively, are the same. An approximate 
equation for estimating the attenuation 
of air- or gas-filled coaxial cable is 


0.026+/f 
D 


Attenuation = decibels per 100 feet 


(9) 


where D is the inside diameter of the outer 
conductor in inches and f is frequency in 
megacycles. The attenuation of rec- 
tangular waveguide at a frequency ap- 
proximately V2 times the cutoff fre- 
quency can be estimated by the equation 


0.04~/f 
vi decibels per 100 feet 


(10) 


Attenuation = 


where b is the width of the guide in inches. 
More complete equations can be found in 
references 6 and 7. 


Fading Loss 


‘Some allowance must be made for fad- 
ing of the signals from free-space values. 
Experience at 960 megacycles indicates 
that an allowance of one-half decibel per 
mile for fading is conservative for a path 
with 50-foot clearance.’ Available data 
on propagation at higher frequencies 
indicate that an allowance of one decibel 
per mile should be made at 2,000 and 
6,500 megacycles.*® The calculation of 
the maximum probable attenuation 
should include this allowance in addition 
to the free-space loss and the terminal 
losses at each end. 
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Example of Calculation of Losses of 
a Typical 960-Megacycle Channel 


The considerations just discussed will 
be applied in the calculation of the total 
attenuation of a 960-megacycle channel. 
Assume that the channel is 32 miles long, 
and that the terrain is such that antenna 
elevations of 200 feet are required at each 
end. From Figure 4, the free-space loss 
with 42-inch paraboloids at each end is 
91.1 decibels. The loss in 400 feet of 
RG-17/U cable (200 feet at each end) is 
17 decibels. Including a fading allowance 
of 0.5 decibel per mile, or 16 decibels, the 
total attenuation of this channel is 124.1 
decibels under maximum fading condi- 
tions. This is within the 125-decibel rat- 
ing of a typical microwave transmitter- 
receiver for this band. Note that the use 
of RG-S/U cable would have resulted in 
attenuation in excess of this rating. An 
alternative would be to use RG-8/U cable 
with parabolas of larger size, but in gen- 
eral it is more economical to use the 


Figure 6. Derivation of formula for required 
antenna height as a function of distance over 
smooth spherical earth 
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Figure 5 (left). Losses in RG-8/U, RG-10/U, RG-17/U,,and | 
RG-18/U coaxial cable as a function of frequency 


Figure 7 (above). Derivation of formula for correction for earth 


curvature 


larger cable, rather than to increase the 
antenna size, where the necessary reduc- 
tion in loss can be accomplished in this 
manner. 


Appendix |... Derivation of 

Formula for Antenna Height 

Versus Distance Over Smooth 
Spherical Earth 


In Figure 6, # is the antenna height re- 
quired at each end of a channel of length s 
for grazing clearance of the earth, R, is the 
radius of the earth, and 


s\2 
h?+2Reh= 5 


when all quantities are in the same units. 
For all practical cases, h? is negligible by 
comparison with the other two terms, and 
equation 11 becomes 


(11) 


2 
hoc 
BR 


(12) 


Expressing h in feet in terms of S in miles, 
and substituting 3,950 miles for R, 


S?X 5,280? S? 


= Be (13) 
8X3,950X5,280 6 

and adding 50 feet for clearance 
S2 

h aS +50 (14) 


Appendix Il. Derivation of 
Correction for Earth Curvature 


From equation 13, the correction y in feet 
at a distance +x’ from the mid-point of a 
channel S miles in length (Figure 7) is 

iS?) -4gg!2 


2 Si aa 


ay GG) (15) 


Translating the left-hand terminal to the 

origin by substituting x — d/2 for x’, we get 
2 n 

T= a) (16) 


where x is the distance in miles from either 
terminal along the total path length S in 
miles. ‘ 
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Appendix III 


An isotropic radiator is a point source 
from which radiation. emanates in equal 
amounts in all directions. If such a source 
of radiation is surrounded by an imaginary 
sphere of radius s, the density of the radia- 
tion passing through a unit area on the sur- 
face of the sphere is inversely proportional 
to the square of the radius of the sphere. 
Thus 


ee watts 


—— V7 
4rs? unit of area ae 


where P, is the total power being radiated 
by the point source. In actual practice, 
since an isotropic radiator is not physically 
realizable, use is usually made of a simple 
dipole, of length equal approximately to 
one-half wavelength of the transmitted fre- 
quency. Such a half-wave dipole has a cer- 
tain amount of directivity, radiating most 
strongly in a direction perpendicular to its 
axis. In this direction, it radiates roughly 
three-halves the power radiated by an iso- 
tropic radiator,? assuming that the same 
total power is radiated by each. Thus, the 
energy flow from a half-wave dipole at any 
distance s in its favored direction is, apply- 
ing the three-halves factor to equation 17 


3P1 


81s? 


a= (18) 


At microwave frequencies, it is convenient 
to think of antennas, especially receiving 
antennas, in terms of their effective cross 
section. Actually a simple dipole used as a 
receiving antenna may have a small physical 
projected area in the wavefront, but its 
effective area can be defined in terms of the 
amount of power that it can intercept and 
deliver to a load of the proper impedance, 
when the dipole is mounted perpendicular to 
the direction of travel of a wavefront with a 
given energy flow per unit of area. It has 
been shown that the effective cross section 
of a dipole, as just defined, can be expressed 
roughly as® 


32 
Ace —=—— 
. 87 


(19) 


in which } is the wavelength. 


It is the usual practice to use parabolic 
reflectors with dipoles for both transmitting 
and receiving, in order to increase the energy 
density directly at the dipole. The gain pro- 
vided by such an arrangement over a half- 
wave dipole without a reflector is equal to 
the effective cross section of the paraboloid 
divided by the effective area of the dipole 
alone. The effective area of a paraboloid is 
somewhat less than the actual area because 
a half-wave dipole has physical dimensions 
and physical dissymmetry which prevent it 
from illuminating a parabolic reflector as 
though it were a point source, and conversely 
this prevents a paraboloid from illuminating 
it for complete recovery of all the energy 
intercepted by the paraboloid. For a first 
approximation, however, it will be assumed 
that the effective area of a paraboloid is the 
actual area of its mouth. Then, dividing 
this area by equation 19, we get 


aD" 

Ge ~2/a{ (20) 
3x2 d 
‘Sr 


Multiplying this equation by three-halves, 
the gain due to the dipole, we get the gain of 
the paraboloid with the dipole over an iso- 
tropic radiator as 


(5) 
Gi=(— 
oN 


If we have the usual system with a dipole 
and a paraboloid at both the transmitting 
and receiving ends, we can calculate the 
energy received in terms of the transmitted 
energy by first determining the energy den- 
sity at the receiving point and multiplying 
this by the effective area of the receiving 
antenna. Thus, multiplying equation 17 
by equation 21 to obtain the energy density, 
and multiplying this by the effective area of 
the receiving dipole and the gain contributed 
by the reflector over the dipole, equations 
19 and 20, we get 


xD?\2 
JR a2 |e 
: : 4Xs 
The free-space loss in decibels then can be 


calculated from the ratio of the transmitted 
and received energies as 


(21) 


(22) 


4nds \? 
Free-space loss =10 logy {| —— 
aD? 


decibels (23) 
This is an approximation which still does not 
take into account the effective area of the 
reflectors, as compared with the physical 
area. The effective area depends upon the 
design of the paraboloid and the location of 
the dipole, and may vary from 0.5 to 0.8 
times the physical area. If in order to be 
conservative we use a figure of 0.5 for the 
ratio of effective area to physical area, then 
equation 23 must be modified to take this 
factor into account at both ends of the sys- 
tem. Equation 23 then becomes 


8rs \? 
Free-space loss =10 logio (=) 


decibels (24) 
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Vibracode System of Supervisory Control 


on a Carrier Communication Channel 


T. J. ALLEN 


ASSOCIATE AIEE 


HIS paper describes a combined super- 
a oe control and communication sys- 
tem which has been in service on the 
Georgia Power Company’s system for 
about a year. The vibracode system was 
selected after study of several proposals 
because it was the only ‘‘package unit” 
designed to meet the requirements of the 
particular problem at hand. 

In order to understand the problems 
involved, it will be necessary to describe 
a portion of the transmission system to 
which the control was applied (see Figure 
1). Plant Arkwright, a 160,000-kw steam 
plant near Macon, Ga., is the principal 
generating source for the eastern part of 
the Georgia Power Company system. 
This plant is connected through substa- 
tions at Gordon, Dublin, South Macon, 
Hastman, and Vidalia to an interconnec- 
tion with the Savannah Electric and 
Power Company, and to Brunswick where 
a generating capacity of 5,500 kw is 
available. The power flowing 95 miles 
from Plant Arkwright into Vidalia Sub- 
station has exceeded 60,000 kva, and 
approximately 18,000 kva goes toward 
Brunswick another 100 miles away. 

To provide proper voltage, it was neces- 
sary to install a 75,000-kva 110-kv volt- 
age-regulating transformer at Vidalia and 
three 2,250-kva banks of capacitors (see 
Figure 2). The substation at Vidalia also 
supplies the 44-kv transmission system 
through a 20,000-kva tap-changing-under- 
load transformer bank, and a 7,500-kva 
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44/4-ky substation to which the three 
2,250-kva capacitor banks are connected. 
Automatic voltage control of the capaci- 
tors, 110/44-kv transformers, and the 
110-kv regulator was not practical; how- 
ever, it was necessary to co-ordinate the 
operation of the capacitors and regulators 
to provide proper voltage for each of the 
4-kv, 44-kv and 110-kv systems. 

South Macon is the trouble-dispatching 
center for the transmission system and 
the only full-time attended substation in 
the area. There is a private telephone 
circuit between Macon and Vidalia, but 
an automatic exchange at Dublin and the 
heavy load on this circuit made it unsuit- 
able for direct control of the equipment 
at Vidalia; therefore, it was decided to 
install a system suitable to control the 
110-kv regulator and three capacitor 
banks from South Macon and to make the 
110/44-kv transformers automatic volt- 
age control. 

Carrier current equipment was specified 
in order to procure an additional com- 
munication circuit to Vidalia. The ex- 
posed telephone circuit was chosen as the 
transmitting medium because of the sim- 
plified line coupling and trapping. 


Application 


The equipment selected had to fulfill 
the following requirements: 


1. System should be suitable for operation 
by carrier current in the 50-to-100-ke band 
using the 95-mile exposed telephone line 
between Macon and Vidalia as the transmit- 
ting medium. 


2. Provide a high-grade 2-way communica- 


tion channel between Macon and Vidalia 
capable of being connected into telephone 
switching turrets at each end. 


3. Be capable of operating the 75,000-kva 
110-kv regulating transformer located at 
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the Vidalia 110-ky Substation from the 
South Macon Substation. 


4. To operate indicating lights at South 
Macon Substation giving a continuous indi- 
cation of which tap the Vidalia regulating 
transformer is on. 


5. To provide at South Macon a recorded 
telemetered voltage from the load side of the 
Vidalia regulating transformer. 


6. Include alarm indications at South 
Macon giving an audible and visual signal 
when any of the 110-kv oil circuit breakers 
or 44-kv oil circuit breakers at Vidalia trip 
and when the three single-phase 110- to 44- 
ky tap-changing-under-load transformers 
get out of step. 


7. Provide for connecting and disconnect- 
ing (one at a time) the three 2,250-kva power- 
factor corrective capacitor banks to the 4- 
ky bus at the Vidalia 44- to 4-kv Substation. 


8. Be capable of transferring the Vidalia 
telemeter transmitter from the 110-kv bus 
voltage to the 4-ky bus voltage. 


Description of System 


The description of the system will be 
divided into two parts, the carrier equip- 
ment and the supervisory control equip- 
ment. 

The carrier equipment consists of a 
terminal containing a transmitter, re- 
ceiver, line-coupling unit, signalling de- 
vices, and telephone termination, installed 
at South Macon and Vidalia. Carrier fre- 
quencies of 55 ke at South Macon and 95 
ke at Vidalia were used for the transmit- 
ters—the receiver at each location being 
on the opposite frequency. The South 
Macon and Vidalia terminals are shown 
in Figures 3, 4, and 5. A block diagram 
of the units composing the system is 
shown in Figure 6. 

The carrier current transmitter is a 
narrow-band frequency-modulated unit 
designed to operate on a specific frequency 
with a power output of ten watts. It in- 
corporates a fast-acting automatic modu- 
lation control whereby the carrier devia- 
tion, due to modulation, is held to a maxi- 
mum of 2.5 ke. A 2,500-cycle low-pass 
filter prevents modulation by frequencies 
outside of the channel. Modulation takes 
place at a frequency of 455 ke by action 
of a balanced reactance modulator on a 
stable oscillator. This 455-ke signal is 
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Figure 1 (above). Southeast Georgia trans- 
mission system, Georgia Power Company 


Figure 2 (below). One-line diagram, Vi- 
dalia Substation 


mixed with a crystal oscillator to produce 
a frequency-modulated signal at the car- 
rier frequency. 

The carrier current receiver is a narrow- 
band frequency-modulated superhetero- 
dyne unit designed to operate on a spe- 
cific frequency. The receiver produces a 
constant audio output for signals varying 
from 300 microvolts to as high as ten 
volts. The frequency response is flat over 
a band width of +3 ke, while at +7.5 ke 
DUBLIN the response is down 100 decibels. The 
receiver employs a crystal-controlled 
local oscillator for maximum stability. 
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South Macon Substation, front 
Control station for remote operation 
Position indica- 


Figure 3. 

view. 

of tap-changing transformer. 

tor lights and control escutcheons are shown on 
the panel at the top of the cabinet 


The audio output is one watt with a 2.5-ke 
deviation of the carrier frequency. 

A 15-ky 0.006-microfarad capacitor is 
used to couple the carrier equipment to 
the exposed telephone line which is con- 
structed on the transmission-line struc- 
tures, The tuning unit matches the trans- 
mitter and receiver impedances to the line 
impedance. 

Signalling on the communication cir- 
cuit is accomplished by shifting the trans- 
mitter frequency approximately one ke. 
The telephone termination is designed to 
permit usage of a 2-wire magneto tele- 
circuit in duplex transmitter- 
receiver operation and to provide control 
circuits for telephone ringing purposes. 
The balancing networks are adjusted so 


phone 


$20 


that the circuit may be extended through 
the telephone switching turrets. 

Built into the transmitter and receiver 
sections are filters whereby the audio 
channel is separated into two parts. The 
first 500 cycles is cut out of the communi- 
cation channel for supervisory signal 
tones. This leaves the communication 
channel operating between 500 and 2,500 
cycles with no noticeable impairment in 
speech quality. 


Supervisory Control Equipment 


The equipment uses audio frequency 
tones to provide the control, supervision, 
telemetering, and alarm signals. The 
signals are transmitted and received by 
the frequency-modulated carrier equip- 
ment. The particular tone system used is 
The 
tone source in this system is the “‘vibra- 
sender”’ which is essentially a driven tun- 
ing fork, It is packaged as a small plug-in 
unit 1 by 2 by 4 inches and is completely 
enclosed. A well-regulated power supply, 
together with a controlled level of oscilla- 
tion, keeps the output at a constant level 
and free of harmonics. The vibrasenders 


known as the “‘vibracode”’ system. 


Figure 4. South Macon Substation. 
view with door open. 
remote operation of tap-changing transformer. 
This cabinet contains supervisory control equip- 
ment, telephone terminal, carrier transmitter 
and receiver and telemeter receiving equipment 


Front 
Control station for 
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Vidalia Substation. 


Figure 5. Front view 
with door open. Remote station of control 
equipment for remote control of tap-changing 
transformer. This is an outdoor cabinet and 
contains from top to bottom supervisory con- 
trol equipment, telemeter transmitting equip- 
ment, telephone voice terminal, carrier receiver 
and carrier transmitter 


maintain the tone frequency within 
+0.15 per cent, which includes original 
setting error and temperature effects from 
—20 to +80 degrees centigrade. The 
frequencies of the tones used in this sys- 
tem are 100.0, 110.9, 123.0, 136.5, 154.1, 
167.9, 186.2, 206.5, 229.1, 254.1, 281.8, 
and 312.6 cycles. The tone-responsive 
element in this system is the “‘vibra- 
sponder,’”’ and is essentially a resonant 
reed relay. When voltage of the resonant 
frequency is applied, the reed vibrates 
readily. The amplitude builds up quickly 
and reaches the point where a small con- 
tact wire on the reed makes contact with 
a contact screw. This closes a circuit to 
change the bias on a vacuum tube and 
operate a relay in its plate circuit. The 
vibrasponder is packaged in a small 7/8by 
7/8 by 3°/16 inch plug-in unit. The vibra- 
sponder maintains its frequency stability 
within +0.25 per cent from —20 to +80 
degrees centigrade. It has a response 
curve equivalent to that of a single tuned 
circuit having a Q of 110. With the basic 
frequencies being placed approximately 
10 per cent apart, the vibrasponder has 
25 decibels of selectivity between adja- 
cent channels. 

This vibracode system performs the 
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various supervisory functions by the 
selection of two audio tones sent simul- 
taneously. These tones are transmitted 
over the carrier system being separated 
from the communication channel by the 
system of filters which removes the first 
500 cycles of the audio channel for use by 
the supervisory control audio tones. The 
control function is started by pressing the 
button on proper control escutcheon at 
South, Macon. A pilot light on the 
escutcheon gives evidence that the signal 
is being transmitted. The control but- 
ton through an auxiliary relay in the 
“Tone-Switching Panel” selects two tones 
from the tone generators and feeds them 
into the tone input of the carrier trans- 
mitter where they modulate the trans- 
mitter. The tone-switching panel con- 
tains an adjustable timing device whereby 
the time interval of the tone pulse is held 
to slightly less than one second. 

At Vidalia the tone-modulated carrier 
wave is received and demodulated by the 
carrier receiver. The output of the re- 
ceiver is fed into a “crossover filter 
panel.” This filter panel separates the 
output into two frequency bands. These 
frequencies from 0 to 500 cycles are passed 
into the “line switching unit,’ and fre- 
quencies from 500 to 2,500 cycles go from 
the crossover filter into the telephone 
termination. The supervisory control 
tones, being below 500 cycles, are im- 
pressed on the input to the line-switching 
units, which are parallel connected. Each 
circuit through the line-switching units to 
a control relay, in effect, has two vibra- 
sponders in series. In order for the con- 
trol relay to be operated, the proper fre- 
quencies to which the vibrasponders are 


tuned must be impressed upon them. 
The vibrasponders change the bias on a 
tube to operate the control relay which is 
in its plate circuit. The control relay in 
most instances operates an auxiliary relay 
which actually performs the desired func- 
tion. There are six control escutcheons at 
South Macon which provide for six sepa- 
rate control functions at Vidalia. These 
control functions are: raise the tap set- 
ting on 110-kv regulating transformer, 
lower the tap setting on 110-kv regulating 
transformer, check on Macon indications, 
raise capacitors (adds more capacitors on 
4-kv bus), lower capacitors (disconnects 
capacitors from 4-kyv bus), and telemeter 
transfer (switches telemeter transmitter 
from 110-kv bus to 4-ky bus). 

At Vidalia all the return supervisory 
signals, consisting of pairs of tones, are 
initiated by an automatic send selector. 
This selector contains a 52-point stepping 
switch which is automatically started 
whenever a control relay is operated in 
any of the line-switching units, whenever 
the check button is pressed at South 
Macon, or whenever there is a change on 
any of the alarm indications necessary. 
This automatic-send selector sends out 
the pairs of audio tones from vibrasenders 
at Vidalia for all indications to South 
Macon in a time interval of approxi- 
mately ten seconds. The tones on recep- 
tion at South Macon operate the proper 
vibrasponders and energize the lights on 
the panel by operation of the control re- 
lays in the various line-switching units. 

Telemetering from Vidalia is accom- 
plished by means of a Bristol metameter 
transmitter keying one of the vibrasender 
tones at Vidalia which, upon reception at 


TT) 

South Macon, operates the control relay 
in the line-switching unit to supply pulses 
to the receiving meter. This is the only 
function which operates on a single audio 
tone. The telemeter transmitter at 
Vidalia is arranged so that it can be 
switched from the 110-kv bus to the 4-kv 
bus as desired from South Macon. 


re 


Conclusion 


There are numerous installations of 
carrier equipment for supervisory con- 
trol, communication, and telemetering 
services. The services in most instances 
have been accomplished by the use of 
separate carrier transmitting and receiy- 
ing equipments operating on different fre- 
quencies for each service. This system is 
different in that the same carrier trans- 
mitting and receiving equipments operat- 
ing on one pair of frequencies are used for 
all three services. This is an economical 
use of the carrier frequencies, as well as 
being a lower cost installation to do a 
complete job. 

Experiences to date with this system 
have been very favorable. The troubles 
encountered have been mainly relay 
adjustments. It has been found that 
relay contacts which operate at infre- 
quent intervals must be adjusted with 
considerably greater wiping action than 
those which have a greater frequency of 
operation. Other troubles have been 
vacuum-tube failures and telephone line 
troubles. 

The communication circuit is excellent. 
Only the most trained observer can notice 
that the first 500 cycles are missing from 
the audio frequencies. 


Discussion 


W. A. Derr (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The state- 
ment made in the first paragraph of the 
paper concerning ‘“‘package unit”’ design may 
be misleading. While supervisory control 
and associated carrier equipment are usually 
furnished in separate housings, there is no 
reason why these components cannot be 
mounted in the same “‘package.’’! 

It is interesting to note that 12 tele- 
graphic-type channels had to be established 
to provide for the relatively small number of 
functions required. An average size super- 
visory control installation would have four 
or five times as many functions as the one 
described. There are many installations 
which provide for ten or 15 times the num- 
ber of functions discussed. With a multi- 
signal system as described, it would be 
necessary to provide more than one carrier 
channel to obtain sufficient telegraphic-type 
channels for many supervisory control 
installations. With coded-impulse-type sys- 
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tems of supervisory control, the channel re- 
quirements do not change regardless of the 
number of functions performed. 

No information is given concerning the 
interlocking which is provided to prevent 
false operations or indications in the event 
that the receiver relays are operated from 
any disturbing voltages. A discussion of 
this interlocking would be of interest. 

Since supervisory control has a very low 
duty cycle, continuous channel supervision 
is an important consideration. It is desir- 
able that the individual telegraphic-type 
channels be continuously supervised. With 
a multisignal system such as described in the 
paper, it is not possible to continuously 
supervise all of the telegraphic-type chan- 
nels employed. However, complete chan- 
nel supervision can be readily provided with 
supervisory control systems which require 
only a single signal responsive element at 
the controlling and controlled stations. 

The conclusion of the paper intimates that 
the installation described is unique in that 
the same carrier equipment is used for voice 
communication, supervisory control and 
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telemetering. Combinations such as this 
have been made many times for both single 
station and multistation systems. !s%)%4 
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T. J. Allen and J. Daniel: The term ‘“‘pack- 
age unit’ was intended to convey the infor- 
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mation that all of the components, the 
supervisory equipment, carrier equipment, 
and telemetering equipment were furnished 
by one manufacturer as a custom-made 
installation to fit the particular application 
and was not an assembly of a number of 
components from various manufacturers. 
We would like to point out that this sys- 
tem was custom made to cover a particular 
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application. Economics of using standard 
panels must have prompted the manufac- 
turer to use the 12 tones at one of the ter- 
minals. The number of functions from this 
terminal could be considerably increased 
without any expenditure other than for 
auxiliary relays, should the need for them 
develop. Prevention of false operations is 
taken care of by the selectivity of the fre- 


quency responsive relays and the simul- 
taneous transmission of two tones. 

Continuous channel supervision is per- 
formed by the recording voltmeter and 
transformer tap indicating lights at South 
Macon. The conclusions showed that the 
system was different, not unique. There 
have been numbers of other multipurpose 
carrier channels installed. 


An Analysis of Grounding Banks to 
Balance Distribution Feeder Voltages 


LEONARD W. LONG 


ASSOCIATE AIEE 


ROUNDING banks are ordinarily 
used for two purposes: (1) on 
otherwise ungrounded networks to reduce, 
during single-line-to-ground faults, the 
voltage rise on the unfaulted phases; (2) 
at substations, to establish the neutral for 
4-wire distribution feeders supplied from 
delta-connected transformer secondaries. 
A third purpose has been suggested from 
time to time: that grounding banks lo- 
cated at one or more points along a dis- 
tribution feeder can be used to aid in 
balancing the feeder neutral voltages. In 
this paper, an analysis will be presented 
of the contribution which a grounding 
bank can make to feeder voltage balance 
and of the grounding current which would 
flow in the bank. A method will be given 
for calculating the size, impedance, and 
effectiveness of the grounding bank. 


In general, grounding banks may be 
either zig-zag or Y-delta banks, but in the 
applications to distribution feeders, are 
usually Y-delta. Here, the term ground- 
ing bank will be restricted to mean a Y- 
delta transformer bank, the Y-side tapped 
from a feeder With the Y-neutral con- 
nected to the system neutral, whether the 
latter be an ungrounded conductor, a 
multigrounded conductor, or simply the 
earth itself. In addition, the term will be 
applied in this paper only to banks lo- 
cated at points other than substations 
and grounded for the purpose of improy- 
ing voltage balance. Such a transformer 
bank is illustrated in Figure 1. The 
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grounding connection is shown dotted and 
a secondary load is indicated because it is 
envisioned that existing load-serving 
banks may be grounded, or that new in- 
stallations may be expected to perform 
the dual functions of load-service and 
grounding duty. 

It should be noted that the grounding 
of load-serving banks is a departure from 
the usual practice. Wherever the Y-delta 
step-down transformer combination has 
been used on a distribution feeder, the 
ungrounded Y primary has been preferred 
to the grounded Y primary in spite of the 
advantage provided by the grounded 
condition to feeder voltage balance. The 
reason for this preference is the fear of 
damage by excessive current to one or 
more units of the bank when it is 
grounded. The danger of such damage 
results from grounding-transformer ac- 
tion, and the common practice is to avoid 
rather than to impose grounding duty ona 
Y-delta bank. 

This fear of damage is not as well- 
founded as might at first appear. The 
very simple practice of placing a fuse in 
the grounding connection between Y- 
neutral and system neutral, as shown in 
Figure 1, is all that is necessary to protect 
the bank against excessive grounding 
current. Such fusing is of the utmost 
importance, and a further treatment will 
be made near the end of this paper where 
greater clarity can be achieved. 

Although it is hardly necessary to dis- 
cuss a matter of such common under- 
standing as voltage unbalance, a few 
brief remarks will help to establish the 
role which a grounded bank can play. 
The 3-phase voltages supplied to a substa- 
tion by a transmission system are usually 
well-balanced. At almost any point on 
the primary distribution system, how- 
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ever, the voltages are unsymmetrical to 
a greater or lesser extent. This effect is, 
of course, primarily the result of the 
unsymmetrical voltage drops which occur 
along the feeder when unbalanced loads 
are served. 

In terms of the symmetrical compo- 
nents of the voltages, the existence of dis- 
symmetry is indicated by the presence of 
negative-sequence and  zero-seqtuence 
components, the objectionable features of 
which are well known. Negative- 
sequence voltage causes overheating of 
3-phase motors, and, for machines having 
an external neutral connection, zero-se- 
quence voltage has the same effect. The 
greatest objection, however, is to the 
unequal magnitudes obtained for service 
to the separate phases, particularly for 
lighting loads. 

Naturally, the principal method to be 
employed in balancing voltages is that of 
distributing loads as equally as possible 
among the phases. In the case of nega- 
tive-sequence voltage, this method is the 
only practicable one available. For the 
reduction of zero-sequence voltage com- 
ponents, however, additional recourse 
may be found in the use of grounding 
banks. Such banks provide low-imped- 
ance paths to neutral for zero-sequence 
current components on the feeder which 
result from unbalanced load:.currents. 
It might be said that the grounded bank 
acts to drain off the zero-sequence current 
from the feeder, or that it constitutes a 
short circuit on zero-sequence voltage. 

It should be observed that the grounded 
Y-delta connection can be only partially 
successful in balancing voltages since it 
reduces only the zero-sequence compo- 


FEEDER NEUTRAL 


—1 


GROUNDING CONNECTION 


Figure 1. Y-delta transformer bank tapped 
from distribution feeder. The neutral connec- 
tion may or may not be made 
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Both negative- and zero-sequence 
components produce unequal voltage 
magnitudes and dissymmetric voltage 
angles in the line-to-neutral voltages; on 
the other hand, only the negative-se- 
quence components affect the line volt- 
ages. This fact is illustrated for an exag- 
gerated case by the vector diagram of 
Figure 2. The line voltages indicated by 
the dotted triangle, which represents a 
condition of no zero-sequence component, 
are the same as the line voltages of the 
solid triangle, which represents the con- 
dition that does have a zero-sequence 
component. Obviously, a grounding 
bank does nothing to balance line volt- 
ages. Consequently, the grounding bank 
can provide no benefit to the secondary 
voltages, that is, the actual load voltages, 
of transformers having no connection to 
the feeder neutral. These combinations 
are single-phase line-to-line, delta-delta, 
delta-Y, Y-Y-ungrounded, and open 
delta. In addition, the Y-delta connec- 
tion, whether grounded or not, does not 
transform zero-sequence voltage to its 
secondary terminals because of the short- 
circuiting delta loop. It should be care- 
fully noted that this fact is true even for 
the grounding bank, itself, and the load 
voltages it supplies are no better bal- 
anced when the bank is grounded than 
before. 

Be that as it may, the balance of volt- 
ages for the so-called phase-to-neutral 
loads, can be much improved. These 
loads are those supplied by the single- 
phase-to-neutral, Y-Y-grounded, and 
open-Y connections. Inspection of Fig- 
ure 2 reveals that the position of the neu- 
tral point N is such that the neutral volt- 
ages are more nearly equal for the dotted 
triangle (no zero-sequence component) 
than for the solid triangle. For this 
reason, the grounding bank is sometimes 
said to stabilize the neutral point; that 


nent. 
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Vao 


Figure 2. Wector diagram showing that line 
voltages are unaffected by a zero-sequence 
voltage component. Vo, Vaz, and Vao, are 
the positive-, negative-, and zero-sequence 
components of the neutral voltages, a is the 
operator —0.5+j0.866, and N is the neutral 
point 


is, the neutral point is made to remain 
near the center of the line voltage triangle. 

In addition to the beneficial effect on 
feeder neutral voltages, two minor ad- 
vantages gained in using a neutral con- 
nection where motor loads are served are: 


1. Load service is not interrupted by a 
single open-conductor fault, inasmuch as 
the bank can then operate as an open-Y 
bank. 


2. Three-phase motors are not subjected 
to overheating or the failure to start alto- 
gether caused by the single-phase service 
supplied by an ungrounded bank with an 
open-conductor fault. Even where thermal 
fusing is employed, 3-phase motors having 
only 2-legged protection are endangered if 
the open-conductor fault occurs in a partic- 
ular leg. Grounding the transformer bank 
removes this danger. 


These advantages, however, are not of 
much importance. In fact, the first is 
definitely dubious, since if the three trans- 
formers are 100 per cent loaded before the 
fault, the two remaining active trans- 
formers will be approximately 73 per cent 
overloaded during the fault because of 
their secondary load alone. As will be 
pointed out subsequently in this paper, 
the additional grounding duty imposed 
by the fault can cause an overload of much 
higher values than 73 per cent. As for 
the overheating of 3-phase motors, ther- 
mal fusing of motors is so simple and com- 
mon a practice that it is necessary only to 
insure the use of 3-legged motor protec- 
tion where a Y-delta transformer connec- 
tion is employed. The conclusion is that 
the only major advantage of grounding 
the Y neutral is the reduction of zero- 
sequence voltage on the primary feeder 
system. 

The proposal to make use of this ad- 
vantage or property of the grounded bank 
raises several questions. In the case of 
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the bank to be installed solely to stabilize 
the feeder neutral, these questions are: 

1. Where should the bank be located on 
the feeder? 


2. What should be the kilovolt-ampere 
capacity and the per cent impedance of the 
transformers used in the grounding bank? 


3. What reduction of zero-sequence voltage 
is thus obtained? “e 


4. What protection is required? 


Where consideration is to be given to 
grounding an existing load-serving bank, 
the location, size, and impedance of the 
transformers is already fixed, and the 
problem becomes one of determining 
whether grounding is feasible; that is, 
whether the bank is capable of handling 
a normal ground current in addition to its 
load. Accordingly, the determination to 
be made concerns the ground current that 
will flow in the bank, and the questions 
to be settled are: 

1. Is grounding feasible? 
2. What reduction of zero-sequence volt- 
age is obtained? 


3. What protection is required? 


In answer to the first question pre- 
sented, the bank should be placed as near 
as possible to the location where zero- 
sequence voltage is normally largest, or 
at the point where reduction is most 
needed, for it is at the point where the 
bank is located that the greatest reduction 
of zero-sequence voltage is obtained. 
For example, at a point where a long 4- 
wire feeder divides into single-phase and 
open-Y branches of some length them- 
selves, the use of a grounding bank to 
stabilize the neutral of the feeder may be 
indicated. 

The questions of the capacity and 
impedance of a bank for neutral-stabiliz- 
ing duty only and of the feasibility of 
grounding in the case of the load-serving 
bank may be treated together. What is 
needed is some quick method capable of 
general applicability by which the zero- 
sequence current flowing in the grounded 
bank can be calculated as a percentage of 
transformer current rating. The two 
quantities, capacity and impedance, are 
interdependent and their calculation can 
most easily and practicably be based on 
an estimate of the unbalance of the feeder 
and will then itself be in the nature of an 
estimate. It will be shown later that the 
method to be outlined is*not as inexact 
as might at first be supposed. The pro- 
cedure is to assume some reasonable value 
of per-cent or per-unit unbalance for the 
given feeder, and further to assume that 
this entire unbalance is concentrated in a 
load connected to the feeder at the same 
location as the grounded bank. With 
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this simplification, the only factors enter- 
ing the problem may be listed as follows; 


p=per unit unbalance of the feeder ex- 
pressed as the ratio of neutral cur- 
rent to three times feeder rated cur- 
rent (or three times system base cur- 
rent, if desired), 

k=per-unit burden placed on the grounding 
bank by grounding duty expressed as 
the ratio of neutral current flowing 
in the bank to three times the individ- 
ual transformer current rating, 

Uy=3-phase kilovolt-ampere rating of the 
feeder (or system 3-phase kva base), 

Ur =3-phase kilovolt-ampere rating of the 
grounding bank, 

2o/,=the complex value of per unit zero- 
sequence impedance on feeder (sys- 
tem) base, looking into the feeder at 
the grounding bank location, but 
without the grounding bank, and 

Z7/,=the complex value of per unit imped- 
ance on transformer base of the 
grounding bank, which may be taken 
as purely imaginary. 


The analysis which leads to the equa- 
tion now to be presented can be found in 
Appendix I, The result of this analysis in 
dimensionless form is: 


(1) 


The best way to study the meaning of 
this result is through the medium of the 
curves shown in Figure 3, which are 
plotted for real values of the impedance 
tatio. It is seen that the larger the bank, 
the less important its per cent impedance, 
and vice versa, The relative burden of 
grounding duty, k, thrust on the trans- 
formers by a given unbalance on a given 
feeder increases as the bank size becomes 


smaller or the transformer impedance 


decreases. 

Obviously, some maximum permissible 
value of k exists for a particular applica- 
tion, The basis for determining what this 
value would be is a subject worthy of 
study in itself, involving as it does the 
load cycle of the! bank if it serves a load, 


and the diurnal variation of feeder neutral 
current in both magnitude and phase. 
Once a maximum penmissible value for k 
is decided, the procedure to be used for a 
load serving bank is to evaluate the actual 
grounding current & from equation 1 and 
compare it to the permissible value. In 
the case of a bank that does grounding 
duty only, the procedure is to use the 
pennissible value of k in equation 1 to 
prepare a table of permissible pairs of 
capacity and impedance values for the 
transformers. This latter procedure will 
be demonstrated in the following problem. 

An actual system represented by the 
1-line diagram of Figure 4 is used for the 
calculations. At a point 11 miles from 
the substation, the 3-phase feeder divides 
into branches not independently repre- 
sented in the diagram, and it is desired 
to have the neutral stabilized at this loca- 
tion for obvious reasons. The problem is 
to determine what the size and impedance 
of the bank should be and what its effect- 
iveness will be, but effectiveness will not 
be dealt with immediately. 

The zero-sequence impedance looking 
into the feeder at the 11-mile point, neg- 
lecting loads, on a base of 2,500 kva 3- 
phase, and 7.2 kv line-to-neutral is found 
by computation to be Zo, = 0.359 + 
70.516 = 0.630 /55.2°. Since the bank is 
to perform grounding duty only, the 
value of k permissible is at least 1.0, and 
could be larger since maximum duty 
would occur only during peak periods. 
The value of k = 1.0 will be used, how- 
ever, and for an estimated unbalance of 
p = 0.25, the ratio k/p = 4.0. Solving 
for the desired quantity from equation 1, 
the minimum permissible value of 3- 
phase capacity of the bank is: 


127, 
k/p Zor 


1 
2,500 7 
| Zr | /90° | 
0.630/55.2° 
=|625—3,970 |Z7/,|/34.8°| 
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Figure 3 (left). 
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Figure 4 (right). 
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See Table I where several values of trans- 
former impedance are tried. 
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of Transformers 
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Since the results achieved are depend- 
ent on the accuracy with which the value 
of p, the per-unit unbalance, is chosen and 
on the error involved in the assumption 
that this unbalance is concentrated at the 
same location as the Y-delta bank, a fur- 
ther statement about the quantity p is 
in order. Suppose that measurements 
are made of the floating neutral voltage 
at the point where a Y-delta bank is or 
will be located. Then an application of 
Thevenin’s theorem to the network, neg- 
lecting loads, with respect to the Y neu- 
tral and the system neutral (ground) as 
terminals, yields the following equation 


for the grounded condition. (See Ap- 
pendix II for proof.) 

Ltt tat 

Vwn Ur ee (3) 
Lor Up Lo 


where Vy,, is the per-unit floating-neu- 
tral voltage. But this equation is the 
same as equation 1 if the value of p is 
taken to be: 


Vyp 


Za (4) 


Such a value for per-unit unbalance 
yields exact results except for the neg- 
lected load impedances, which in most 
cases have a minor influence. It is obvi- 
ous that the engineer may substitute for 
the estimate of unbalanced load an esti- 
mate of zero-sequence or floating-neutral 
voltage. Furthermore, the possibility 
exists of making actual measurements 
with recording voltmeter equipment and 
calculating with good accuracy the 
grounding duty a bank will have to per- 
form. 

Now attention is turned to the next 
question which has been posed, that is, 
“What is the reduction of zero-sequence 


Ys 
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voltage obtained by grounding?” This 
question can be answered with generality 
only for the point on the feeder where 
the grounding bank is located, but this 
value of reduction, which is a maximum 
for the feeder, may be used as an indica- 
tion of the reduction obtained on the 
whole feeder. From either the considera- 
tions that led to equation 1 or those that 
led to equation 38, the per-unit reduction, 
which will be represented by the symbol e¢ 
for effectiveness, can be shown to be: 


_|_Ur/ Us 
ee © 
|Ur Zor 


If the value of the ratio k/p is calculated 
from equation 1 and is not merely the 
ratio of two independent estimates, this 
equation may be written: 


De (6) 


By use of this relationship in the prob- 
lem just considered, the following result 
is obtained: 


Ur 2,500” 625 io 
Addition of this information to that al- 
ready obtained in the numerical problem 
gives the result shown in Table IT. 

The zero-sequence or floating-neutral 
voltage at the Y-delta bank is 15.7 per 


Figure 6 (below). 
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Figure 5. Diagram of 
open-conductor fault con- 
ditions showing that a 
grounded Y-delta bank 
must transform current for 
loads connected to the 
faulted phase 


cent before grounding for the unbalance 
assumed in the problem. If a reduction 
to approximately 5 per cent is desired, 
any of the first three combinations in 
Table II would be satisfactory. It is, of 
course, permissible to use larger banks 
than the minimum sizes shown, and some- 
what larger reductions of zero-sequence 
voltage are obtained, but it should be 
noted that effectiveness increases more 
slowly than size. Therefore, in the inter- 
est of economy, banks larger than the 
minimum required for a given trans- 
former impedance should be avoided. 


The last question now remains: “What 
protection is required?’ From the pre- 
ceding discussion of continuous duty re- 
quirements, it is obvious that some pro- 
tection against overload is needed, since 
a more than usual degree of load unbal- 
ance on the feeder would cause excessive 
current in a grounding bank with no re- 
serve capacity. Further consideration of 
the need for protection seems unneces- 
sary. However, it is the business of an 
engineer to understand the behavior of a 
system as fully as practicable, and some 
attention ought to be devoted to the 
conditions existing during ground faults 
and open-conductor faults. 


In the case of the single-line-to-ground 
fault, it is apparent that the condition is 
simply one of a severe unbalance of load, 
the effect of which has already been 
studied. As long as relaying occurs at the 


/ 
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substation, the bank will be adequately 
protected, but the danger of sustained 
faults must be considered. An equivalent 
load unbalance of 50 per cent is possible 
on almost any radial feeder without relay- 
ing, and this value can be 80 per cent or 
more on a long rural line. For the nu- 
merical problem previously presented, a 
calculation based on the actual relay 
settings in use and for the hypothetical 
417-kva 7.5 per cent impedance bank 
gives the maximum unbalance without 
relaying as 82 per cent. For such an un- 
balance, the value of k becomes 3.28, 
representing an overload of 228 per cent. 

Even though the sustained ground 
fault seems a bad condition, the open- 
conductor fault condition is potentially 
much worse, particularly for a fault be- 
tween the substation and the Y-delta 
bank. The behavior under such a condi- 
tion is shown for a simplified case in Fig- 
ure 5. From this diagram it is plain that 
the duty of supplying the loads beyond 
the fault which are connected between 
the faulted phase and neutral falls on the 
Y-delta bank. The grounded bank must 
transform this power to the delta side in 
the two legs tapped from the unfaulted 
phases and back to the Y side in the re- 
maining leg, all the while supplying its 
own load as if connected in open Y. Even 
without more detailed analysis, it is ap- 
parent that the fault of this type can im- 
pose an intolerably severe condition on all 
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grounded banks. In many instances, the 
overload during the fault can easily be of 
the order of 300 per cent. Again, if relay- 
ing occurred at the substation, adequate 
protection would be afforded the bank. 
However, on most feeders the prefault 
current at the fault point would have to 
be about two-thirds of the rated feeder 
current value to produce action of the 
neutral relays at the substation. It is 
absurd, naturally, to expect faults to 
occur only at points convenient to the 
engineer, and the necessity for local pro- 
tection is indicated. 

Most transformer banks are protected 
by fuses placed in the primary phase 
conductors. If a Y-delta bank which is 
grounded were to be protected only by 
primary phase fuses, the arrangement 
would be most unsatisfactory. Fuse- 
blowing caused by too high a value of 
zero-sequence current would then cause 
an interruption of service to the customer 
supplied by the Y-delta secondary. On 
the other hand, if the grounding connec- 
tion between the Y neutral and the feeder 
neutral is also fused, the bank would be 
protected against excessive grounding 
current, and yet interruption of service 
would not occur unnecessarily. Fuses 
rated for full feeder voltage would not be 
necessary. Furthermore, immediate at- 
tention to replacing blown neutral fuses 
would be entirely unnecessary; the worst 
that could happen would be that the 
grounded bank would become an un- 
grounded bank. 

The current rating of the neutral fuse 
for a bank having no secondary load needs 
no comment since it poses only the usual 
problem of transformer duty. For the 
bank which does serve a load, however, 
notice should be taken of the fact that 
the neutral current cannot lie more than 
60 degrees from the load current in one 
transformer leg, and may even be in 
phase. Since neutral current from unbal- 
anced loads or,sustained faults are not 
unlikely to be constant in phase angle for 
considerable periods of time, the safest 
procedure is to allow for the in-phase 
addition of ground current to load cur- 
rent. Accordingly, the bank should be 
fused for a neutral current such that, 
when one third of this value is added in- 
phase to the load current, the day’s duty 
cycle will not exceed the ability of the 
individual legs of the bank to handle it. 
A fuse of this rating insures the blowing 
of the neutral fuse before that of a pri- 
mary phase fuse. Since fusing is a waste 


of time if neutral currents during ordinary 
service will exceed the fuse rating, ground- 
ing of a load-serving bank may not be 
feasible. However, the calculation of the 
grounding duty likely to be imposed may 
be compared to the duty permisssible in 
order to determine the feasibility. 

It is the belief of the writer that the 
grounded Y-delta connection offers an 
advantage that has not been fully utilized. 
Where the Y-delta is to be used for any 
of the several reasons that might favor 
this connection, consideration should be 
given to grounding the Y side for the pur- 
pose of helping to stabilize the system 
neutral. Fear of a bank burn-out can be 
eliminated by the simple practice of in- 
stalling a thermal fuse in the grounding 
connection. Moreover, the installation 
of grounding banks at points other than 
at substations ought to be considered for 
radial feeders with bad voltage unbalance 
conditions. It is true that the bank sizes 
required are somewhat large and that the 
problem of economy is important. There 
appears to be no technical difficulty, how- 
ever, that militates against such use of 
grounded Y-delta transformer banks. 


Appendix | 


The derivation of equation 1 requires the 
definition of five quantities in addition to 
those given in the body of the paper. These 
factors are: 


V =rated line-to-neutral voltage of feeder 

Iqr =zero-sequence current flowing in the 
Y-delta bank, that is, one-third of 
the neutral current 

Zr=complex value of impedance of trans- 
formers in the Y-delta bank based on 
primary voltage and current 

Z)=complex value of zero-sequence imped- 
ance looking into the feeder from the 
Y-delta terminals 

Ip=primary current rating of the Y-delta 
bank 


In Figure 6(A), the feeder is shown with 
the entire unbalance concentrated at the Y- 
delta bank location. The zero-sequence cur- 
rent from this load, pl, is shown as flowing 
into the feeder from the load and thence to 
ground. This is simply a matter of phase 
and is permissible. The current from the 
load will divide between the two paths Zo 
and Zr according to the following equation: 


SOs, Zo pl 1 
Lor =P. F vane =Pplr Ze (8) 
1+— 
Zo 
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Up UpZo 
In the last expression, a practical ad- 
vantage is gained by using per-unit imped- 
ance values. 


(10) 


Then, since 
UrZr _UrZr | UrZo Zr (11) 
UrZo 3V2  8V? Zon 


equation 10 becomes the same as equation 
1. 


Appendix II 


This analysis uses symbols from the body 
of the paper and also Appendix I. In Figure 
7, a feeder with loads neglected is shown in 
a 3-line diagram. The primary windings of 
the Y-delta bank are labelled Zp. The float- 
ing neutral voltage Vy, which need not be 
measured with the transformers in place, 
is the open-circuit voltage for terminals ‘‘A”’ 
and “B.”’ The impedance looking into these 
terminals is !/; (Z2p+2Z ), assuming the line 
to be symmetrical. Application of The- 
venin’s theorem as indicated by the three 
small networks of Figure 7 shows that for 
the grounded condition, the ground current 
in any one leg of a Y-delta bank is given as: 


1 
fey or eae 
Laor = (12) 
Lo+Zr Weias 
Zo 
| eels 
pair Lar X3V _| ‘4 Zo 
TA eres Yi, 
U7\ 1+— 
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7 Z Z. 
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The denominator of the last expression 
has been dealt with in equations 10 and 11 
of Appendix I and isthe same as the denom- 
inator of equation 1. Comparison of 
equation 1 and equation 13 shows that these 
equations are the same provided the per-unit 
unbalance p takes on the particular value 
given by equation 4. 
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Electric Home Heating 


EARL E. PARKS 


NONMEMBER AIEt 


HL advantages of electricity for space 

heating are so obvious that, were it 
not for the difference in cost, eleetricity 
would undoubtedly replace all other fuels 
for this purpose, ‘The cost of electricity, 
ay compared to other fuels, would depend 
to a large extent upon the electric rate, 
hut in practioally every case, it would be 
the highest priced fuel, 

Po offset the higher fuel cost, many 
savings are possible due to the inherent 
qualities of electricity, In addition, such 
fuetors as comfort, health, and safety, 
although they may not be valued in terms 
of money, are none the leas, of enormous 
iMiportanee to anyone who is choosing a 
method of heating his home, On each of 
these counts, eleetricity is without an 
equal, 

Since the war other fuels commonty 
used for heating have inereased in cost to 
auch an extent, that the saying in fuel 
cost whieh can be made by their use, has 
not been suflieient to outweigh the bene 
fits of electric heating, As proof of this, 
sinbe 145 we have connected over 11,200 
electrically heated homes to our lines, 
and now have a saturation of nearly 15 
percent, 

his inerease is rather phenomenal, 
When you consider that we have never 
promoted it in any way, As a matter of 
fact, Wwe have been very free to discourage 
ihe use of electricity for heating in homes 
Which we consider tasuited to {ts uses 
for example, in large homes with little or 
No insulation, This growth ean be at 
tribtited to one factor only-the recom 
mendation of gatished users, 

This demand for electric heat illustrates 
a characteristic of the American people, 
a determination to take advantage of any 
new method or product which will con 
tribute to their comfort and well being, 
It also is a characteristic of American 
business to supply the demand for such 
products, and at a price the people can 
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afford to pay, Vor this reason, 1 am con- 
vineed that the use of electricity for heat- 
ing will continue to grow and that the 
electrical industry will provide the means 
for meeting the demand for this type of 
heat, 

At the present time, there are very few 
locations, where conditions are as fayvor- 
able for the use of electric heat as in 
By this 
I mean favorable for the customer, as it 
is by no means certain that the heating 
load is profitable for the Nashville Elec- 
trie Service, We have a very low residen- 
tial power rate and a moderate but vari- 
able climate, with a 48-year average of 
3,618 degree days per year, It is quite 
certain that neither a low power rate nor 


Davidson County in Tennessee, 


a mild climate alone, would insure the 
widespread use of electricity for heating. 

Practically every type of electric heat- 
ing system has been used in Nashville. 
By far the largest number of installations 
have been individval space heaters in- 
stalled in each room, Second in number, 
and gaining in popularity, are radiant 
heating cables installed in the ceiling, 
There is no great difference in the initial 
cost between these two methods and so 
far as we can determine, no difference 
whatever in the operating cost, Fortu- 
nately for the power distributor, both of 
these systems are controlled by individual 
thermostats in each room, thus giving 
considerable diversity to the heating load 
and its effeet upon the distributing sys- 
tem, Timight add that the manufacturers 
of all types have co-operated with us to 
the fullest extent by using control equip- 
nent which will improve the load charac- 
teristics of their system, 

From the beginning, our company has 
nade every effort to insure that each elec- 
trical heating job was a satisfactory one, 
It was apparent that this type of heating 
would become very popular, So, to elimi- 
nate, as far as possible, all chances for 
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future complaints, we offered a special 
service for prospective heating customers. 
At the request of a home owner, archi- 
tect, builder, contractor, or any interested 
party, and at no cost to them, we deter- 
mine the heat loss, make recommenda- 
tions as to size of heaters required, and 
give an estimate of the annual heating 
bill, for old or new houses. These recom- 
mendations are made in a letter addressed 
to the customer. This gives us an oppor- 
tunity to specify the type of construction 
on which recommendations were based; 
for example, the extent of insulation, type 
of floors, and so forth. It also enables us 
to point out some of the pitfalls to be 
avoided, and make other suggestions 
which may help to insure a satisfactory 
job. 

In no way do we attempt to influence 
the customer in his choice of methods or in 
his selection of equipment. We try to 
answer any question in an unbiased man- 
ner. Recommendations are considered 
confidential. To give you an idea of the 
extent to which this service is used, our 
records show that for the year of 1950, 
we made 2,704 recommendations on new 
houses, and 458 on old houses—a total of 
3,162. nie 

At the time we started this service, we 
hoped to accomplish four objectives. 

First, to prevent the use of electricity 
for heating in homes which were not 
suited for its use. 

Second, it gave us a chance to explain 
the means which could be used to reduce 
heat loss, such as insulation, weatherstrip, 
and storm sash, 

Third, we were able to eliminate the 
use of large reserve capacity for heating, 
while at the same time make certain there 
would be sufficient for the needs, — 

Fourth, to obtain and keep complete 
records for most of the electrically heated 
homes, 
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Table I. Averages for 526 Houses 


KGamicteet content................ 8,720 
Connected kw (Heating only)...... 15.4 
emeimewhr total,............005 19,900 
Annual kwhr heating..............14,100 
Annual kwhr other services......... 5,800 
Kwhr per kw installed............. 915 
Watts installed per cu ft........... ASTI 
Sy di Sigel Sob a 1.62 
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These records contain such information 
as type of construction, number and size 
of rooms, heat loss, size heaters recom- 
mended, estimated annual heating bill, 
and space is provided so that if desired, a 
complete record of the customers’ bills 
may be kept. From these records, it has 
been possible for us to check our esti- 
mates against actual results, and each 
year, we have taken a representative cross 
section and made studies whereby we 
could improve on the accuracy of our 
estimates. Our last study, which was 
more complete than any yet made, con- 
sisted of 526 houses divided into the fol- 
lowing groups: 


1. Frame or brick veneer with walls and 
ceiling insulated and weatherstripped, or 
with storm sash. 


2. Frame or brick veneer with ceiling in- 
sulated and weatherstripped. 


8. Any house with no insulation. 


4. Concrete block house with ceiling insu- 
lated and weatherstripped. 


5. Insulated homes with central furnace 
heat. 


These houses were segregated into 
groups so that we could obtain data which 
would enable us to give accurate esti- 
mates for all types of homes. The figures 
shown in Table I are the averages for the 
whole 526 homes. These figures must not 
be considered average for all our heating 
customers. We could find only 15 homes 
which had no insulation and all were used 
in the average. This is certainly a very 
high percentage of all such homes; 
whereas, we were able to use only a small 
percentage of the most common type— 
the completely insulated home. How- 
ever, for all practical purposes they may 
be considered as typical. 

It is rather difficult for a customer to 
tell whether or not his bill is in line with 
the estimate we gave him. First the 
amount which would normally be paid 
for other electrical services must be de- 
ducted and then the balance, which repre- 
sents the amount paid for heating must be 
corrected to compensate for the number 
of degree days occurring during the time 
for which bill was rendered. Actually 
very few know anything about the degree 
days and many do not even know the 
period of time which is covered by the bill 
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and even if they do, have only a hazy 
recollection of the weather for the whole 
period. To satisfy the customer we have 
prepared a chart on which we keep a con- 
stant record showing the number of de- 
gree days each day and cumulative num- 
ber for the year starting with July 1. 
From this we can find out easily the num- 
ber of degree days for any billing period, 
and by comparison with the average 
annual degree days, determine whether 
or not the bill is in line with our estimate. 
It is amazing how easy it is to satisfy a 
customer with such an explanation, and 
it is surprising how rapidly they can fol- 
low your reasoning, especially so, since in 
most cases, you are talking about some- 
thing with which they are wholly un- 
familiar. 

In most cases, where the bill is actually 
higher than it should be, the cause is due 
to deficiency in amount of insulation or to 
a poor installation. In every case where 
heating was installed in a house with no 
insulation, it was done without our 
knowledge or against our recommenda- 
tions; in either case the customer realizes 
that it is his responsibility. 

In the beginning, our greatest source of 
trouble regarding high bills was the con- 
crete block house with plaster on the in- 
side and stucco or paint on the outside. 
In every case that I know of, the bills 
were higher than our estimates. On in- 
vestigation we found that in these houses, 
the heat loss through the walls was so high 
in cold weather the walls never became 
warm, and whenever anyone was near any 
outside walls, the radiation from their 
warm body to the cold wall gave them a 
chilling effect. The customer tried to 
compensate for this by increasing the air 
temperature. Anyone who maintains a 
10-degree higher temperature than the 
average, automatically increases his heat- 
ing bill by approximately 50 per cent, so 
it was not surprising that their bills were 
high. We learned this the first winter, 
and from that time on would not recom- 
mend the use of electric heat in such 
houses, or if the customer insisted, we 
made our estimates accordingly. 


It may be surprising to know that with 
electric heat, generally speaking, a much 
higher relative humidity is maintained in 
the house than with any other method of 
heating. My explanation for this, is the 
low rate of air change in the house. Most 
of these houses are well built with com- 
plete insulation and weatherstripping, 
thus cutting down infiltration to a mini- 
mum, Moreover with electric heat you 
eliminate the necessity for bringing in any 
air to support combustion. To burn a 
ton of coal, it is necessary to bring in 
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Table Il. Peak Demand for House Heating 
Customers 
No. of Peak Demand 
Customers (Per Cent) 
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250,000 cubic feet of air—sufficient to 
change the entire air in the average house 
once every day for a month, Whenever 
cold air is brought in from the outside 
and the temperature raised, the relative 
humidity is lowered, unless moisture is 
added. 

Due to the higher relative humidity we 
have had a great many complaints on 
account of sweating on the windows. It 
is generally conceded that this is a health- 
ful condition, and nearly everyone wants 
to maintain a high relative humidity. 
Our only solution has been to recommend 
the use of storm sash or double glass 
windows. Not only does this eliminate 
the sweating to a large extent, but it re- 
duces the heat loss, and makes a more 
comfortable home. 

In talking to our customers, it soon be- 
came apparent that we were recommend- 
ing more capacity than needed. In some 
cases where two heaters were installed in 
one room, we were told that one was all 
that was needed. We use a design tem- 
perature of 70 degrees and do not allow 
for any reserve capacity as such. The 
heat loss is determined from data found 
in the ASHVE Guide.! About the only 
way to reduce the heat loss in our calcu- 
lations was to reduce the amount of air 
change. This has been done and we now 
use about half the amount which is recom- 
mended in the guide. Of the thousands 
of customers for whom we have made 
recommendations, not a single one has 
told us that their heaters were not large 
enough to keep their house warm. If we 
were figuring the heat loss as close as we 
would like for it to be, this would not be 
the case. 

We have sought all possible information 
which would help us determine the maxi- 
mum demand which we could expect from 
heating loads. The experience in other 
localities would not necessarily apply to 
our system, but any information of this 
kind has been of value to us. 

We obtained a great deal of informa- 
tion from one group of 73 completely elec- 
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trified homes which were served by one 
primary line on which we installed meter- 
ing equipment. Each of these homes had 
13 kw of house heating which added to 
all other electric equipment, would give 
a connected load of between 20 and 25 kw. 
Demand readings at 5:45 p.m, and 7:15 
a.m. were made at different times during 
the year and were plotted on a chart 
showing the demand versus the tempera- 
ture. We obtained a curve as shown in 
Figtire 1. 

From 76 degrees down to around 12 
degrees it is very nearly a straight line 
curve. Above 76 degrees it levels off to 
about 1.2 kw per customer, and below 
12 degrees it seems to level off, although 
we do not have sufficient data at the low 
temperatures to justify any definite con- 
clusion. The average maximum demand 
was 7 kw per customer, recorded at a 
temperature of —1 degree. 

Information of this kind together with 
actual experience has enabled our engi- 
neering department to set up a chart 
which is used to determine the trans- 
former capacity necessary to serve the 
heating load, This is shown in Table II. 

The demand is given as a percentage of 
the total connected load in space heating 
for 1 to 11 customers served by one 
transformer. For any number in excess of 
11, 30 per cent is used, the assumption 
being that the diversity will not increase 
above this number, 

The question of demand is one of very 
great importance to the power company 
who supplies energy for electric heating. 
Each kilowatt of demand means that 
capacity to serve must be provided all 
along the line from the generators and 
substations to the distribution trang- 
formers, customers service, and meters. 
To show how serious the added demand of 


heating customers may become, I can 
cite the case of our company. ‘The 


monthly system peak demand for this 
year jumped from a low of 137,874 lew in 
July to 269,000 in December. All of this 
increase can not be attributed to house 
heating, as the demand in July would 
normally be one of the lowest for the 
year, Neither is all of this increase due 
to the permanently installed house heat- 
ing load, 

A great many of our customers have 
small portable space heaters which are 
used for auxiliary heat. During real cold 
weather many of these are brought into 
use, especially for rooms which are hard 
to heat with existing equipment. If the 
gas pressure is low during cold weather, as 
is the case in some parts of the city, elec- 
tric heaters are used to make up the defi- 
ciency, During the past four winters at 
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‘been done on the heat pump. 


one time or another, both coal and oil 
have been very scarce. During such 
periods, portable heaters are always used 
in great numbers, At one time they were 
sold in such quantity as to practically 
exhaust the available supply. 

There has been a great deal of talk 
among power company people, particu~- 
larly in this area, ag to the value of the 
heating load, The same question was 
raised when the electric iron was intro- 
duced, and again when the electric range 
started to become popular, These ques- 
tions can not easily be answered by talk 
or by figures. I dare say a good man with 
a pencil could make a case for either side. 
I thoroughly believe that the electrical 
heating load will become a profitable 
load, even if it is not at the present time, 
To hasten the time, I think the electrical 
industry should make an intensive effort 
to learn more about this load and find 
methods to improve its desirability, 

It would be of great benefit, if someone 
would make thorough studies to deter 
mine the minimum capacity required to 
heat a home electrically with the type of 
equipment in use today. If we can heat 
a group of 7% homes, as our tests show, 
with a maximum peak demand of 7 kw 
at 0 degree, and our heat loss calculations 
show the capacity required to be 13 kw, 
it would appear at first glance that the 
heat loss figures were too high, 

We should encourage in every way the 
development of heating systems which 
would improve the load factor, A great 
deal of experimental work hag already 
Machines 
which extract the heat from water or the 
ground have been on the market for a 
number of years and have proven very 
satisfactory where conditions are favor- 
able for their use. Unfortunately their 
use in our territory is very limited, due to 
the rather peculiar geological formation, 
Most of Davidson County is underlaid 
with solid limestone, often times very 
close to the surface, The insulating 
character of the limestone prevents the 
use of the ground ag a source of heat, 
Moreover, it is impossible to get a good 
well with any degree of certainty, ag I 
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understand from geologists, that water is 
found only where fissures appear in the 
limestone, 

In any event, the initial cost of the 
heat pump is so high as to limit its use to 
a very few. On the other hand, the effi- 
ciency is such, about 400 per cent, that 
it is possible to heat in winter and cool in 
summer, an average size 5-room heuse 
with a 3-horsepower unit, The normal 
operating cost of both heating and cooling 
would be less than the average cost for 
heating only, With its low connected 
load and high load factor, the heat pump 
is the ideal load for the power distributor. 

There now is in production, I under- 
stand, a new heat pump using the air-to- 
air principle of heating. This is being 
manufactured by the General Hlectrie 
Company, and their reputation would be 
sufficient guarantee that it must be prac- 
tical, 

This type of unit has been used 
more or less experimentally in Texas and 
other sections of the country where the 
winters are mild, The greatest handicap 
for such a unit is that the colder the 
weather, and a corresponding greater 
need for heat, the less efficient the unit 
becomes. There also is a limit as to tem- 
perature, below which the unit will not 
operate, This limit is theoretically the 
boiling point of the refrigerant and in the 
case of this particular unit, supposedly 
—40 degrees, 

The advantages of the heat pump are 
so great and the possible reward for build- 
ing such a unit at a competitive price is so 
enormous, that I feel sure it is only a ques- 
tion of time till it will be in widespread 
use, 

During the five months from November 
through March, to heat an average home 
of 8,000 cubic foot size would require 
approximately 11,000 kilowatt-hours of 
electricity. Three kilowatts used 24 


hours per day would be sufficient to heat 
this home, or 4 kw used 24 hours per day 
would heat it during the three months of 
December, January, and February, ordi- 
narily the three coldest months of the year, 
Using water heated to around 300 degrees 
Pahrenheit, 
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pounds pressure, a storage tank of 250 
cubic foot volume would hold enough hot 
water so that used in conjunction with a 
4.0 kw heater, sufficient heat could be 
supplied in any one week to take care of 
twice the normal requirements. Using 
this principle of stored heat, it may be 
possible to build a furnace which would 
be a great deal lower in first cost than the 
heat pump, and_one with just as good a 
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load factor. For if this principle were 
used, the heating plant could be easily 
changed to a cooling system by installa- 
tion of refrigeration coils in the water 
storage tank, 

Our hope for eventual improvement in 
the characteristics of the electrical space 
heating load rests primarily on the elec- 
trical engineers. Personally, I have every 
confidence that they will come through 


with a solution for this just as they have 
always, in the past, come up with the 
right answer to our many problems. 
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A New Carrier-Current Frequency-Shift 
System for Use with Differential 


Protection of Transformer Banks 


R. W. BECKWITH 


MEMBER AIEE 


HEN a single transmission line is 

fed from a transformer, it is eco- 
nomically desirable to omit the bigh-side 
circuit breaker. This necessitates trans- 
mitting a tripping signal to the remote 
circuit breaker in the event of a trans- 
former fault as indicated by differential 
relays.1 In the past, the available carrier- 
current systems have not provided the 
speed of operation or degree of reliability 
that could be obtained by using a high- 
side circuit breaker. 

The carrier-current system described 
here has been developed using crystal- 
controlled frequency-shift techniques to 
provide high-speed (two cycles) trans- 
ferred tripping with assurance against 
undesired tripping due to any combina- 
tion of power failure, component failure, 
switching, or other influencing factors. 
Thus, a degree of reliability is provided 
which is comparable to the use of a high- 
side circuit breaker. 

This frequency-shift system employs 
the principles of frequency modulation for 
the transmission of control impulses. As 
applied to transferred tripping, a blocking 
carrier is transmitted normally on one 
frequency and shifted slightly to a trip- 
ping frequency for automatic circuit- 
breaker operation. 

The basic application consists of a 
single narrow-band frequency-shift car- 
rier-current channel operating on a fre- 
quency different from that used for the 
carrier pilot relaying. In the first applica- 
tion, however, the unusual importance of 
extreme reliability and simplified testing 
techniques resulted in the application of 
two paralleled carrier channels inter- 
locked so that both must operate to cause 
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tripping. Either channel may be tested 
by itself without causing tripping. 


General Objectives 


The primary problem of reliability was 
approached in several ways. First, 
everything possible was done to reduce 
the chance of failure of each circuit 
either due to component failure or due to 
external influence. Second, the circuits 
were arranged so that most failures would 
not cause tripping, and where*this was 
impossible circuits were arranged so that 
false tripping could not occur except in 
the extremely rare event of two simul- 
taneous failures. 

In view of this, the following perform- 
ance requirements were established: 

1, The equipment should not cause 
tripping with extreme carrier-frequency 
disturbances such as is caused by an 
arcing disconnect switch feeding a short 
section of bus or line. This condition 
should be met even with simultaneous 
failure of the blocking signal. 

2. The equipment should trip upon 
transmission of proper signals even with 
extreme interference at the receiving end. 

3. It should have the greatest possi- 
ble freedom from the chance of false trip- 
ping from a stray signal even with the 
simultaneous failure of the blocking sig- 
nal. 

4. The over-all operating time should 
be very short in order to minimize the 
extent of the fault damage to the pro- 
tected transformer. 

5. The carrier-current equipment 
should operate from the station battery. 

6. The equipment should operate 
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properly with disturbances on the station 
battery such as are caused by dirty motor 
commutators, circuit-breaker operation, or 
battery charging. Tripping should not 
occur upon failure of the blocking signal 
with this disturbance on the d-c supply. 

7. The number of tubes should be 
held to a minimum and long-life tubes 
used wherever possible. 

8. The equipment should not cause 
tripping with the normal emission failure 
of any tube. 

9. There should be some means of 
indicating at the receiving end the failure 
of received signal. 

10. It should be possible to test the 
channel completely one part at a time, 
without depending upon co-ordination of 
the operators at the two ends to prevent 
accidental tripping. 

1l. Preferably equipment for trans- 
ferred tripping should be independent 
from carrier-current equipment used for 
functions other than relaying so that 
maintenance interruptions can be held to 
the minimum number necessary for the 
transferred-trip channel itself. 


Frequency-Shift Operation Chosen 


Narrow-band frequency-shift equip- 
ment, such as was already in use for tele- 
metering,? was chosen since it basically 
fulfilled the most difficult requirements 
and could be adapted rather easily to ful- 
fill all others. It already had been estab- 
lished that, because of the very narrow 
bandwidth and the noise balancing char- 
acteristics of the crystal-type frequency- 
shift telemeter equipment, greater dis- 
tances could be covered and higher noise 
levels tolerated than with other types of 
channels used for telemetering. 

Each of the requirements was met in a 
manner which can best be described in the 
following tabulation which corresponds to 
the tabulation of requirements. 
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Figure 1. 


Crystal-controlled frequency-shift carrier-current transmitter used for transmission of 


transferred tripping signals 


1. Random noise, equally distributed 
over the bandwidth of the receiver, will 
cancel out in the discriminator.’ In order 
to assure that noise will not cause trip- 
ping, the crystal filter circuit is unbal- 
anced slightly by means of its balance 
capacitor. This causes the noise accepted 
by the receiver to predominate near the 
blocking frequency and, therefore, to pro- 
duce a negative discriminator output. In 
addition, a rectifier and filter circuit in 
the discriminator output rectifies any 
fluctuation in the discriminator output 
and produces further negative blocking 
voltage. Upon application of the tripping 
frequency, a positive output operates the 
relay tube and contacts of the associated 
relay close the trip circuit. 

2, The extreme narrow bandwidth 
limits the noise energy accepted and per- 
mits the desired signal to override it and 
perform its function. 

8. With the use of two channels, the 


chances of interfering signals occurring 
at the two precise frequencies necessary 
at exactly the same time are very remote 
indeed. 

4. Tests show the over-all operating 
time of the carrier-current equipment to 
be less than two cycles, not including time 
of any auxiliary relays. 

5. Both transmitter and receiver 
operate directly from a 125-direct-volt 
station battery, using tubes with heaters 
in series. 

6. Power supply filters are included 
in both transmitters and receivers to pre- 
vent interference from the power source. 
The transmitter and receiver operate 
properly with a 2-second drop to 105 
direct volts and with a rise in voltage to 
140 direct volts. However, continued 
operation at voltages more than +5 per 
cent away from normal will shorten tube 
life. 

7. The transmitter uses only three 


Figure 2. Crystal-controlled frequency-shift carrier-current receiver used for reception of 
transferred tripping signals 


tubes and the d-c operated receiver uses 
four. Tubes designed for long life are 
used and are operated very conserva- 
tively. 

8. In the transmitter, the frequency 
is shifted from one crystal-controlled 
value to another by means of a reactance 
tube. Since the most likely failure (loss of 
emission) of this tube would result in 
failure to shift frequency, the tube is 
normally inoperative and is caused to 
operate and shift frequency for the trip- 
ping function. Any other failure is 
highly unlikely and the simultaneous 
failure of the tubes in two transmitters, 
when used, can be disregarded com- 
pletely. The receiver trip relay normally 
is dropped out and usual tube failures will 
not cause current to be drawn. A grid 
short circuit could cause one tube to pick 
up the corresponding relay; however, 
again, the simultaneous failure of relay 
tubes in two receivers can be disregarded. 
An alarm is arranged to operate upon 
closing of either receiver relay so that any 
possible difficulty can be immediately 
eliminated. 

9. The receiver cathode current of a 
radio-frequency amplifier tube is fed to 
an external indicating meter. This serves 
as an indication of received signal because 
of automatic volume control action. 
Also, the blocking frequency is used to 
operate a signal-alarm relay whose con- 
tacts will close an alarm on failure of re- 
ceived blocking signal. This same relay 
will drop out on failure of supply voltage 
or on failure of any receiver tube filament. 
A very complete check is thereby pro- 
vided on all parts of the channel at all 
times. 

10. With two separate channels, a 
tripping signal can be sent, first on one 
and then on the other channel, by means 
of a switch arranged so that both can 
never be sent at once. 

11. The frequency-shift equipment is 
fundamentally based on the use of inde- 
pendent equipment for each function. 


Description of Equipment 


Figure 1 shows the transmitter and 
Figure 2 the receiver of most recent de- 
sign, both of which are designed for direct 
operation from 125 or 250 direct volts 
with external resistor. Figure 3 shows a 
block diagram of the circuits of the two 
units. The output power of the trans- 
mitter is 1.5 watts which is sufficient for 
all usual applications. The units are de- 
signed for operation with appropriate 
crystals at any frequency between 70 and 


200 ke. 
The receiver provides freedom from 
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effects of random noise and transients, 
first, by utilizing a crystal filter to accept 
energy in only the narrowest band possi- 
ble in order to still pass the necessary de- 
(It is because of the high Q 
of this circuit, the crystal discriminator 
and the crystal ascillator in the transmit- 
ter, that a time equal to two cycles is 
needed to transmit the tripping signal. 


sired signals. 


In other words, these circuits have a high 
inertia and a definite time is required to 
change the frequency and thus change 
from negative blocking to positive trip- 
ping output from the discriminator.) 
Second, an amplitude limiter rejects a 
large part of the noise effect, as is well 
known from the use of such a circuit in 
other frequency-modulation receivers. A 
third reduction is effected by the balanc- 
ing effect of the crystal discriminator. 
Since the blocking frequency is trans- 
mitted continuously during fault or test 
intervals, a negative voltage from the 
discriminator adds to the fixed bias on the 
tripping relay tube so that the relay is 
very effectively prevented from operating. 
In order to prevent incorrect operation in 
the event of failure of a blocking signal, 
several additional steps are taken. A typi- 
cal discriminator characteristic is shown 
in Figure 4. If the random noise and 
transients tend to have frequency com- 
ponents falling both in the region marked 
A and in region marked B, the net effect 
over any short period of time will be to 
cancel out. In order to assure that the 
trip relay will not pick up upon the simul- 
taneous failure of the blocking signal and 
the occurrence of a disturbance such as is 
caused by the opening of a bus disconnect, 
an adjustment of the crystal filter was 
found which causes the effect of the tran- 
sients to fall more largely in region B and 
therefore will hold the trip relay in the 
de-energized position. To further dis- 
tinguish between signal and noise, a recti- 
fier and filter are placed between the dis- 
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criminator output and relay tube grid. 
This circuit rectifies variations in dis- 
criminator output such as are produced 
by noise and produces additional negative 
voltage on the grid of the trip relay tube. 
When the desired signal is present, the 
noise variations are suppressed by the 
limiter, so this latter circuit produces its 
desirable effect only in the event of car- 
rier failure. 


Tests Prove Success of Design 


It may seem from the foregoing that 
afety factors have been added, one on 
top of another, even to an unnecessary 
degree. The cost of all of the features is 
small, however, compared to the cost of 
the protected equipment. During oper- 
ating tests of this equipment on a 132-kv 
line, it was most gratifying to observe 
proper operation of the equipment even 
with the blocking signal absent and with 
so much interfering noise as to continu- 
ously ignite a neon bulb connected in the 
receiver input as a protective device. 

These tests were made with noise gen- 
erated by opening a bus disconnect a 
small way so that an arc is formed by the 
charging current to several hundred feet 
of bus structure, which, of course, had no 
connected loads. This are was ‘‘tuned”’ 
by opening until maximum interfering 
current was read on some audio-tone 
transferred-tripping equipment of older 
design. Observation of current in the 
tripping relays of the frequency-shift 
equipment showed zero current on a 
meter with 100 microamperes’ full scale 
deflection with blocking frequency trans- 
mitted or with the transmitter off. When 
the tripping frequency was transmitted 
the relay current held steady at the 
normal operating level. 

During a staged arcing fault test an 
observation of relay current with trans- 
mitter off was made and the results were 
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the same, that is, the fault did not pro- 
duce relay current. However, other 
tests in the past have indicated that this 
condition is not as severe as the arcing 
bus disconnect. 

Much thought has been given to the 
choice of using either a single channel or 
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two channels to perform the operation. 
In the event that an extraneous signal 
somehow appeared at the exact tripping 
frequency at the same time as failure of 
transmitted signal because of fuse blowing 
in the power source, tube burnout, and so 
forth, the use of one channel could result 
in false tripping. Such a signal might 
come from another carrier-current trans- 
mitter or test oscillator which was being 
tuned through the tripping frequency for 
some other reason. As can be seen, this 
combination of events is quite a remote 
possibility and may be accepted as a 
calculated risk, A time-delay relay could 
be used to open the trip circuit at some 
fixed time after the signal alarm relay 
operates, indicating failure of received 
signal. This would reduce the possible 
time during which the aforementioned 
calculated risk could occur. The same 
feature also can be accomplished by in- 
structing an operator to open the trip 
circuit manually upon receipt of a carrier 
failure indication. 

A single channel must be tested by first 
opening the trip circuit at the receiving 
end and then transmitting a tripping sig- 
nal. This allows for a human error in co- 
ordinating the test and results in divided 
responsibility in the event of a failure in 
co-ordination. With two channels, a 
tripping signal can be transmitted first 
on one and then the other with a switch 
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Figure 4. Characteristic of crystal discriminator 
used in frequency-shift receiver 
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arranged so that transmission of a 
simultaneous tripping signal on both 
channels is impossible. The operator 
must be present at the receiving end to 
observe operation but need not perform 
an operation to prevent actual tripping. 
Two channels can be spaced as close as 
0.5 per cent in frequency so that common 
single-frequency line-tuning units, traps, 
and coupling capacitors may be used. In 
this way two channels are nearly as easy 
to fit into a crowded frequency spec- 


trum as a single channel would be. 

The use of two channels requires 
only the addition of a transmitter and re- 
ceiver unit and small changes in the auxil- 
iary test and tripping circuits. With two 
channels, switches can be provided for 
operation on one channel during mainte- 
nance work on the other channel. 

As can be seen, the choice between 
single- and double-channel operation de- 
pends upon the seriousness of a false cir- 
cuit-breaker operation and upon whether 


the additional cost is justified to secure 
the ultimate in security. 
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Discussion 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): The single-shift 
carrier-current transmitter and receiver 
combination described in this paper is in- 
tended primarily for carrier transferred 
tripping purposes. However, because the 
receiver contains two electromechanical 
relays, one of which responds only to re- 
ception of the guard frequency and the 
other to reception of the shifted frequency 
only, this type of carrier channel has other 
uses. 

For telemetering kilowatt-hours or kilo- 
watt demand, a carrier channel of this type 
provides the equivalent of a 3-wire full 
metallic channel between the transmitter 
and receiver locations and thereby does the 
work of two separate carrier channels of 
on-off type. A 2-position auxiliary relay 
having operating and reset coils should be 
interposed between the carrier transmitter 
and a 3-wire contact device in the watt- 
hour meter at the transmitting location in 
order that any chattering of the contact 
device may not cause over-registration of 
the impulse-operated distant-dial (kilowatt- 
hour) mechanism register or demand meter 
at the receiving location. The latter device 
should also be of the 3-wire type, so that 
interruption of a given carrier frequency 
signal cannot cause an additional advancing 
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impulse to be registered. Advancing im- 
pulses, to take effect, must be alternately 
of the guard and shifted frequencies; hence 
accidental interruption of reception of a 
given impulse cannot cause over-registra- 
tion. 

If there is raise-lower control required 
over a carrier channel, with neither a raise 
nor a lower function being performed 
normally but only as required by an auto- 
matic load-frequency controller originating 
impulses of 0.25 second or longer, the single- 
shift type of carrier transmitter and receiver 
described in this paper can still be used, 
with minor additions. In the case of the 
transmitter, means are added for normally 
shifting the frequency rapidly from the 
guard frequency to the shifted frequency 
and back. In the receiver, a short time 
delay is introduced in the operation of the 
two electromechanical relays so that neither 
will pick up as long as the frequency is 
being changed rapidly from one frequency 
to the other. Steady reception of one fre- 
quency or the other will pick up the corre- 
sponding relay in the carrier receiver, corre- 
sponding to a “‘raise’’ or “lower” signal. 
Previously for this type of service it was 
necessary to use either a double-shift 
carrier channel without crystal control, or 
else two separate single-shift carrier chan- 
nels, as it was not feasible for this extremely 
narrow-band type of carrier channel to 
provide a double frequency shift (both above 
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and below a normally transmitted guard 
frequency) if crystal control was employed. 

Thus the availability of the type of car- 
rier channel described in this paper makes 
possible, for all telemetering or load control 
uses ordinarily encountered, the saving in 
catrier spectrum space achieved by the use 
of single-shift narrow-band crystal-con- 
trolled carrier channels, 

If a number of functions are to be per- 
formed at one location, it will usually be 
economical to use a single carrier channel in 
conjunction with supervisory control equip- 
ment. The carrier channel can be of the 
crystal-controlled type, if telephone com- 
munication over the supervisory control 
channel is not required. If the carrier 
channel is operated on keyed carrier (on-off) 
basis instead of frequency shift, it is then 
possible to provide supervisory control or 
indication, or both, for more than one out- 
lying station by means of the same single- 
frequency carrier channel, should this fea- 
ture be necessary initially or at some future 
time. 

Besides requiring only one carrier 
current transmitter-receiver at the control 
station, such multistation operation on a 
single-frequency carrier channel avoids the 
need for duplicating the common code- 
sending and receiving equipment of the 
supervisory control equipment at the con- 
trol station, with consequent saving in 
space and equipment there. 
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Synopsis: Strip steel with preferred gran 
orientation has 
tator punchingsof Z-pole turbine generators 
Tests » ranging from 1,000 
kw to 20,000-kw rating indieate a reduetion 
of 26 to BO per cent in core losses and BO 


been applied successfully to 


on 16 generator 


per cent in required magnetomotive force 
, compared with gen 
erators bull with present nonoriented hot 
rolled sheet steels, Use of oriented strip 
Heel permits 
effidiency, greater rating for a given size, oF 
both, Ufeetive use is being made of this 
material iW the design of eertain 
veneralors rangi i eating from 1,000 kw, 
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MALMBER AIEE 


This 


new steel has been used for some years in 


direction of rolling (with grain), 


transformers, but has not been applied 
previously to large rotaling apparatus, 
‘Two-epole turbine generators are particu 
larly suited to the advantageous use of 
Most of the 


and maynelomotive force drop 


these directional properties, 
COre 1086 
i the stator core occurs in the yoke be 
teeth, 
mented punchings, 12 or more to a cirele, 


hind the stator ly using sep 
the preferred grain direction of the steel 
con be made to comeide closely with the 
direction of the magnetic fix path in this 
region, This results in appreciable iw 
provement in the over-all magnetic prop 
erties of the stator core, even though the 
losses and imagnetomotive force in the 
leeth (across the grain) are about the 
niune is for nonoriented sheet steel, 
Active work aimed at testing the per 
formance of oriented strip in a full-size 
turbine generator was beyunin 1944 in the 
company with whieh the authors are 
IMAb, it 


venerator was tested with standard non 


fissociated, In 1,000-kw shop 


Led 


// 


oriented sheet steel punchings, then re- 
stacked with oriented strip punchings and 
retested, In both cases the generator was 
given thorough no-load tests on the dyna- 
mometer test stand (Figure 1) on which 
cach commercial generator is tested, 
With this equipment, no-load losses at 
various speeds, together with saturation 
characteristics, were measured accurately. 

The these tests indicated 
marked advantages for the oriented strip. 
In 1947, the first commercial generator 
using the new steel, rated 7,500 kw, was 
shipped, In 1948, the decision was made 
to apply oriented strip to all 2-pole hydro- 
gen-cooled generators in the range of 
15,000 kw, 0.85 power faetor, to 20,000 
kw, 0.85 power factor, and eight of these 
generators have been built and tested to 
date, All told, the advantages of the 
oriented strip material have been proved 
by test on 16 generators, Additional test 
results are being added at a rapid rate, 
As each oriented strip generator is tested, 
its performance is compared with the re- 
sults of several hundred tests already 
available on generators using nonoriented 
sheet steels, 


results of 


Gain from Use of Oriented Strip 


Losss 


‘The reduction in generator core losses 
through use of oriented strip is best 
shown by actual test results, Figure 2 
shows the comparative generator core 


Figure 1, Turbine generators being set up on dynamometer test stand for routine measurement 
of electrical characteristics and losses 
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Figure 2. Test core loss versus generator rating 


A—0.025-inch nonoriented sheet 
B—0.014-inch nonoriented sheet or 0.025- 
inch oriented strip 

C—0.014-inch oriented strip 


losses for machines built with nonoriented 

‘sheet steel and with oriented strip, for two 
different material thicknesses. The 
curves represent averages of test results, 
faired so as to eliminate design differences 
between generators due to voltage rating, 
design proportions, and other factors. 
The curves for the nonoriented steels are 
based on a large number of test points. 
The oriented strip curves are based on 16 
tests. 

These test curves show that core losses 
in the generator are about 25 to 30 per 
cent lower for oriented strip than for non- 
oriented sheet, when punching thickness 
is the same. The trend is toward greater 
improvement—that is, machines tested 
recently show more improvement with 
oriented strip than those built earlier. 

The exact gain for a given generator is 
of course dependent on the proportions 
of the generator stator punchings, in addi- 
tion to other design factors. Epstein 
tests on samples of the materials used in 
the generators mentioned show that the 
oriented strip in the width-grain direction 
has only about 50 per cent of the loss of 
the nonoriented sheet. In the cross-grain 
direction, the losses are about the same. 
Consequently, the gain from the use of 
_ oriented strip is almost entirely in the 


__ yoke region of the punchings, behind the 


; 


thereby will show the greatest improve- 


- teeth. The generators which have the 
- largest ratio of yoke loss to tooth loss 


ment through use of oriented strip. Also, 
ey narrower punching segments with 
degrees in the segment are tends to 
e the gain with oriented material. 
rower the punching segment, the 
nearly the flux direction coincides 
e grain directions in the yoke, and 
re nearly the flux direction in the 
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Figure 3. Variation of a-c core loss at 15,000 
B, with variation in angle between flux and 
grain directions 


teeth will lie directly across the grain. 
This latter condition is desirable because 
the highest losses and magnetomotive 
force drop in the oriented material oceur 
when the flux direction makes an angle of 
about 50 to 60 degrees with the preferred 
grain direction. This is shown in Figure 
3. 

The gain with oriented strip is not con- 
fined to reduction in losses in the stator 
laminations themselves. A portion of the 
measured core losses are due to flux-link- 
ing solid structures outside the stator 
punchings. Examples are keybars, web- 
plates, and frame wrapper plates. The 
magnitude of these leakage fluxes, and 
hence, of the losses they induce, are de- 
pendent on the magnetomotive force drop 
in the stator yoke. Because the magneto- 
motive force required in the stator yoke 
is appreciably .reduced when using ori- 
ented strip, the parasitic losses in the 
stator steel back of the punchings also are 
greatly reduced. It should also be 
pointed out that there are secondary 
gains when any losses are reduced, For 
example, less losses mean less ventilating 
gas required, which in turn means less 
fan losses. This factor quickly becomes 
appreciable in air-cooled generators. 

Figure 2 shows that the core losses with 
oriented strip are about 25 to 30 per cent 
less than with nonoriented sheet for a 
given generator, when the core is operated 
at the same flux density level. This 
means, by the same token, that the flux 
density in the core may be increased about 
ten per cent with oriented strip to give 
the same level of total core loss as with 
nonoriented sheet. An even greater in- 
crease in yoke density can be used for a 
given total loss, if the tooth density is not 
changed. This permits generators with a 
smaller outside diameter for a given rotor 
diameter, a factor of considerable impor- 
tance on very large machines, It is thus 
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apparent that the oriented strip material 
offers the designer new freedom in seeking 
the optimum generator design consistent 
with the limitations of size, economics, 
performance, and other factors. 


MAGNETOMOTIVE Forcs 

The magnetomotive force required to 
produce magnetic flux in the stator core is 
reduced appreciably when oriented strip 
is substituted for nonoriented sheet, 
However, the magnitude of the reduction 
cannot be determined accurately by tests 
on the generator itself. The test quantity 
that can be measured is the field ampere- 
turns required to produce a given voltage 
in the armature windings when the 
generator is running, Of these measured 
ampere-turns, perhaps only 5 per cent 
would be expected to be required by the 
magnetomotive force drop in the stator 
teeth and yoke, and this portion cannot 
be segregated by the. test, Therefore 
measuring any reduction in stator iron 
ampere-turns for the complete generator 
through use of oriented strip requires the 
taking of small differences between large 
test measurements. 

Generator tests to date indicate that on 
the average the stator iron magnetomo- 
tive force when using oriented strip is at 
least 50 per cent less than with the previ- 
ous nonoriented sheet. This is about as 
expected from calculations based on rela- 
tive magnetization properties of the two 
materials, 

As in the case of the core loss, the gain 
is concentrated in the yoke, The mag- 
netomotive force required in the teeth is 
expected to be about the same for either 
steel. However, the magnetomotive 
force required at a given density for ori- 
ented strip in the with-grain direction is 
very much less than for the nonoriented 
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Figure 4. Variation of d-c magnetizing force 
at 15,000 B, with variation of angle between 
flux and grain directions 
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materials, some tests on material samples 
showing as little as 1 per cent as much 
magnetomotive force required. Factors 
other than the inherent properties of the 
materials reduce this gain; for example 
the reluctance introduced at the edges of 
the punching segments, and the fact that 
the direction of the magnetic flux does not 
coincide exactly at all points with the pre- 
ferred grain direction. However, the fact 
remains that the magnetomotive force in 
the yoke is very much less with oriented 
strip than with nonoriented sheet. This 
allows not only greater flux densities and 
smaller machines with oriented strip but 
as pointed out before, greatly reduces the 
parasitic losses in the solid steel structures 
outside the stator punchings. Figure 4 
gives typical saturation characteristics of 
the oriented strip material for various 
angles between direction of magnetic 
flux and the preferred grain direction. 


General Application to Large 
Rotating Apparatus 


The discussion so far has been confined 
to the use of oriented strip in 2-pole 
generators, where the properties of the 
material are best utilized by placing the 
preferred grain direction parallel to the 
yoke. This represents one extreme of 
machine proportions. At the other ex- 
treme are slow speed machines such as 
hydraulic driven generators, which have 
many poles and relatively shallow yokes. 
In such machines, the tooth loss pre- 
dominates. Here the oriented material 
is best utilized by placing the grain direc- 
tion parallel to the teeth. A large salient- 
pole generator is being built in this man- 
ner. Use of oriented strip is more difficult 
to justify economically on machines with 
intermediate numbers of poles than on the 
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Figure 5. Crystal lattice structure of the iron 
unit cell, and typical magnetization curves 
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Table 1. Magnetic Properties of Oriented 
Strip Taken in Direction of Rolling 
0.014 Inch 0.025 Inch 
Thick Thick 
Epstein core loss, 60 
cycles, watts per 
pound: 
10,000 B (Gausses)..0.3to 0.4....0.5to 0.6 
15,000 B (Gausses)..0.7to 0.8....1.2to1.3 
Intrinsic saturation 
Flux density, B 
(Gausses)......... 19,600.... 19,600 
Magnetizing force, 
H (oersteds)...... 300.... 300 
Electrical resistivity at 
25 degrees Centigrade 
(micro-ohms per centi- 
meter cubed)........ 60Rs.5 50 


extremes represented by the 2-pole and 
many-pole designs, but it may well prove 
to be economical on certain large 4-pole 
turbine generators. 

It may be asked if there does not exist 
some way to obtain the preferred proper- 
ties in both the yoke and the teeth. This 
can be done, of course, by punching both 
yoke and teeth with-grain, and then 
mechanically butting, lapping, or welding 
the teeth to the yoke. A very effective 
solution would be the development of 
material with preferred properties in two 
directions at right angles to each other. 
None of these solutions has reached the 
point of general use. 


Description of Oriented Strip 
Material 


The material here discussed is a 3 to 31/2 
per cent silicon steel of comparatively 
high purity with the crystals or grains 
oriented so that the best magnetic quality 
is realized in the rolling direction. The 
range of magnetic quality of the material, 
in the rolling direction, as processed for 
use in generator laminations, is given in 
Table I. 

The properties of the material are basi- 
cally accounted for by the magnetic aniso- 
tropy of the iron crystal. This means 
that the iron crystal exhibits different 
magnetic quality and properties in the 
different crystallographic directions. 
This also is true of the 3 to 31/2 per cent 
silicon steel here concerned.? Figure 5 
shows this relation in the unit cell of the 
iron crystal. 

Grains or crystals are each made up of 
a great multitude of these unit cells. All 
the unit cells within a grain are identically 
oriented. To realize similar properties in 
large pieces, such as laminations, these 
grains must all be oriented the same way 
within the piece. Such a condition in 
material is referred to as an “oriented” 
structure. 
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Figure 6. Relation of crystal lattice to orien- 

tation developed in oriented silicon steel strip, 

and showing principal crystal directions in 
plane of strip 


It has been established that by cold- 
rolling a random structure sufficiently, an 
oriented structure can be induced.* In 
such a condition the material is of poor 
magnetic quality, and annealing becomes 
essential. It has been established further 
that through proper annealing an oriented 
structure can be maintained through con- 
trol of recrystallization, grain nucleation, 
and subsequent grain growth.‘ 

The oriented material being commer- 
cially produced has a structure in which 
the cube direction of the unit cell coin- 
cides with the rolling direction, as shown 
in Figure 6. Also, it is seen that the other 
principal crystal directions lie in the plane 
of the strip. This gives rise to consider- 
able change in magnetic quality as the 
angle from the rolling direction is changed 
up to 90 degrees, as illustrated in Figures 
3 and 4. 

The production of high-quality ori- 
ented strip requires exceedingly close con- 
trol in all phases. In the melting practice 
the control of impurities is essential, and 
in large measure the control of impurities 
makes the whole process possible. The 
ingots are hot-rolled to bands which are 
then processed through a cold reduction 
and annealing schedule which results in 
the final oriented material. 


Early Development and Use of 
Oriented Silicon Strip 


The development of oriented silicon 
strip was founded on the knowledge fur- 
nished by many independent investigators. 
The establishment of the anisotropy of 
iron and iron-silicon alloy crystals brought 
the possibility of such a material into 
sharp focus. X-ray defraction develop- 
ments supplied an essential tool for sub- 
sequent crystal study. The effects of 
cold deformation on random structure 
promoting orientation and the subsequent 
recrystallization and growth orientations 
produced by annealing thereof were 
studied. Soon it was realized and demon- — 
strated that it was possible to produce a 
thin flat material of preferred orientation 
with the favorable magnetic crystal direc- 
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Figure 7. Annealing furnaces. Wiew shows ends of two furnaces, at left and at right, with heat 


exchangers at tops of furnaces, and circulating blowers at ends. 


Gas dryers are seen under 


balcony between the two furnaces. In the left foreground is a car loaded with punchings, and 
other punchings in boxes are in the right foreground 


tion in the plane of the strip.° The reduc- 
tion of the foregoing to reliable mill prac- 
tice has constituted a major metallurgical 
accomplishment. 

Oriented strip became available in 
quantity about 1940. By 1942 consider- 
able improvements in quality had been 
made, with use of the material rapidly 
expanding in transformer applications. 
The material is well suited to trans- 
formers because of the relative ease of 
adapting the core structures to its uni- 
directional character to derive full bene- 
fit of its properties. The use of oriented 
strip in rotating apparatus generally has 
been limited to a few specialized applica- 
tions, such as d-c fields where the high- 
quality properties could be used advan- 
tageously. 


Manufacture of Oriented Strip 
Laminations 


Today there are two practices in the 
supply and use of oriented strip. One 
practice is the mill production of com- 


pletely finished strip with fully developed 
magnetic quality, from which the electri- 
cal manufacturer produces laminations. 
The other practice is the mill production 
of a semifinished strip from which the 
electrical manufacturer produces lamina- 
tions, followed by a medium- or high- 
temperature anneal to develop the final 
magnetic quality. It is the latter practice 
which has been followed in the manufac- 
ture of the laminations used in the gener- 
ators discussed in this paper, as being the 
most economic means of securing punch- 
ings of high magnetic quality. 

The final annealing of the generator 
punchings is a carefully controlled process 
carried out in an electric car-type furnace, 
equipped with controlled heating and 
cooling, and supplied with hydrogen for 
the anneal atmosphere. The loads are 
control-heated to 980 degrees centigrade 
and soaked, then control-cooled. Figure 
7 shows the furnaces and some of the 
auxiliary equipment. 

In all operations, particularly the 
anneal, control is exercised to eliminate 


any out-of-flatness in the laminations. 
In all operations after the anneal, control 
is exercised to avoid abuse of the lamina- 
tions. This is necessitated by the extreme 
stress sensitivity of high-quality oriented 
steel, where the level of magnetic quality 
is appreciably lowered if the material is 
assembled in a stressed condition. 

An additional characteristic of the ori- 
ented strip steel is its extremely smooth 
surface. This gives rise to much higher 
enamel film resistances for normal film 
thicknesses, compared to hot-rolled sheet 
without any cold-rolling treatment. This 
quality is particularly useful in turbine 
generators, where good insulation resist- 
ance between punchings is essential. The 
smoothness of the surface also improves 
the stacking space factor, which in itself 
contributes to the improvement in losses 
and magnetomotive force shown by tests 
on the generators. 


Conclusion 


The successful application of oriented 
strip steel material to stator punchings 
of 2-pole turbine generators has been con- 
firmed by tests on 16 generators. Use of 
the oriented strip material is economically 
advantageous in these machines. This 
material permits the design of machines 
of greater efficiency, or greater rating 
from a given size, or both. It is expected 
that oriented strip ultimately will be used 
for all 2-pole turbine generators, as well 
as for many other types of large rotating 
apparatus. 
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Discussion 


L. P. Shildneck (General Electric Company, 
West Lynn, Mass.): The authors are to be 
congratulated, not only for bringing this 
important development to a successful con- 
clusion, but also for the strength of their 
conviction that this project merited expend- 
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ing the necessary time and effort. 
Substantial increases in efficiency of 
turbine-generators are rather rare occur- 
rences, since the efficiency of most genera- 
tors is already quite close to 100 per cent. 
Hydrogen cooling caused one such increase 
by boosting the efficiency of 3,600-rpm 
turbine generators an amount ranging from 
one-half to one per cent (a substantial por- 
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tion of the way to the goal of perfection 
100 per cent). The use of preferred orienta- 
tion strip steel will increase the efficiency of 
hydrogen-cooled generators another one- 
quarter of a per cent. This is significant 
since the amount of increase in efficiency is 
from one-quarter to one-half the increase in 
efficiency brought about by hydrogen-cool- 
ing, and can be secured at relatively low cost. 
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In air-cooled generators, this reduction 
in core loss permits a reduction in cooling air 
required, which by reducing the fan input, 
increases the efficiency another one-eighth 
of a per cent. Thus, the total gain in efhi- 
ciency, of an air-cooled 3,600-rpm_ turbine 
generator, made by using grain-oriented 
steel is about three-cighths of a per cent, 
which is half as much as that resulting from 
using hydrogen cooling alone, 

Since the benefit of increased efficiency 
can be obtained at relatively low cost on 
both hydrogen-cooled and air-cooled genera- 
tors, this development of the use of grain 
oriented steel is bound to have far-reaching 
effects on the future designs of rotating 
electrical machinery. 


B. M, Cain (General Electric Company, 
Schenectady, N. Y.): The successful appli- 
cation of grain oriented strip steel to turbine 
generators, marks an important new step in 
the field of power generation. This step is 
significant, not only for the gains to be had 
in the machine itself, but because it shifts 
the production of steel from the outmoded 
hot mill to the modern continuous strip mill, 

The advantages, which the authors have 
shown for this material as a result of its use 
on medium size generators, are already being 
extended to larger machines, The first ap- 
plication in a General Electric Company 
60,000-kw ATER preferred standard genera- 
tor, conforms closely with the results re- 
ported in the paper. This application was 
a direct substitution of grain oriented strip 
steel in place of hot rolled sheet steel, The 
measured core loss of the grain oriented 
steel machine was 68 per cent of that for 
previous machines made with nonoriented 
sheet steel, but otherwise of identical design, 

Other applications of this steel are giving 
distinct advantages. For exaimple, new de- 
signs, which take full advantage of the 
greater flux capacity of grain oriented steel, 
are being made smaller in size. Some very 
large machines, which would have required 
a separate core and frame made in several 
pieces to meet shipping limitations, now are 
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Figure 1. Ratio of core loss for grain oriented 

strip steel to core loss for hot rolled sheet steel 

from tests on 60,000-kw AIEE preferred stand. 
ard turbine generators 


designed for one piece shipment, Tor ex- 
ample, a generator rated 147,000) kya, 
125,000 kw, 0.85 power factor, 8,600 rpm 
ordered by the Philadelphia Mlectric Com- 
pany, which was originally planned tor the 
stator to be shipped disassembled, now is 
being built asa l-piece stator by using grain 
oriented steel, This generator will be eom- 
pleted in about 15 months, Although, as 
the authors have indicated, the greatest ud 
vantages of this steel are gained in 2-pole 
generators, it is also being used effectively in 
4-pole designs, 

An important characteristic of this steel, 
which the authors have mentioned, is the 
reduction in extraneous losses resulting 
from the very large reduction in magnetizing 
force at flux densities in the range of normal 
designs. ‘These extraneous losses are cutised 
by flux being forced into the solid steel 
members of the supporting strueture as the 
core approaches saturation, Asa result, the 
observed core loss itereases with inereased 
flux far more rapidly than the fundamental 
loss in the core iron itself, 

igure | of this discussion shows how 
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grain oriented strip steel has reduced this 
extraneous loss in the 60,000-kw preferred 
standard generator previously mentioned, 
which was recently tested, Beeause of the 
reduction in extraneous losses, its total core 
losses do not increase nearly as rapidly as 
the losses of the sheet steel core when in 
the region of rated voltage, Consequently, 
the ratio of losses drops off abruptly in this 
region as shown by the eurve, This jim 
portant characteristic makes it possible to 
take full advantage of the lower loses of 
grain orlented strip steel in designing new 
machines by using flux densities consider: 
ably higher than are possible with non. 
oriented steels, The tse of higher flux 
density makes an appreciable change in the 
radial stiffness of the core, This effect is 
carefully considered in the design of the 
flexible core mounting for isolating core 
vibration, 

In addition to the above, the authors have 
pointed out the advantages of the smooth- 
ness aud flatness of strip steel in making a 
nore compact core, All of these charneter- 
istics are being used throughout the entire 
runige of turbine generator sized to achieve 
cither lower losses, smaller outline dimen 
sions, or greater kilovoll-ampere ratings 
built with 1-plece stator assemblies, 


J. W. Apperson and C, B, Fontaine: Mr, 
Shildneck has presented a clear pleture of 
the inerease in effieieney whieh follows from 
the reduction in core losses, This approach 
is a welcome addition to the paper, sinee 
the paper touches only generally on the 
eflicieney of the generator itvell, 

It is of course very gratifying that the 
firat test result on a larger generator, re. 
ported by Mr, Cain, should conform closely 
with the test results on the medium size 
yenerators, Figure | of Mer, Cain's diseus: 
sion isan excellent illustration of the reduce 
tion in extraneous losses resulting from 
reduction in magnetizing forees in the stator 
yoke, The shape of the curve iy character 
istic of results obtained on the generators 
(ested previously, 
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Voltage Transmission 


H, P. ST. CLAIR 


FELLOW AIEE 


S$ BROUGHT out in previous and 
companion papers,'~'! the program 

of research and development centering 
around the Tidd experimental 500-kv Test 
Project has been devoted to the building 
up of a sound technical basis for the selec- 
tion of voltage level and other features of 
extra-high-voltage transmission, specifi- 
cally for application to the American Gas 
and Plectric Company system, as wellas for 
the benefit of the transmission art gener- 
ally. Along with technical and physical 
requirements, it also was necessary to 
develop a sound economic basis for the 
selection and application of the new high- 
voltage transmission. To this end eco- 
nomic studies have been carried out as 
described in this paper. Here again, 
these studies have been made in the light 
of the specific conditions applicable to the 
American Gas and Electric Company 
system, recognizing fully that variations 
in these conditions, which include type of 
system, climate, terrain, and so forth, 
may alter the results and conclusions as 
applied to other systems and areas. 
Nevertheless, it is believed that the basic 
assumptions and procedure used will be of 
interest and that the results may have 
some significance for general application. 
Although the American Gas and Elec- 
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tric Company system is predominantly of 
the integrated network type with trans 
mission requirements varying widely as to 
distance, load factor, and even direction 
of power flow, it was felt that a general 
study of the economics of straight bulk 
power transmission, covering various dis- 
tances, and voltages, 
would provide significant data for evalu- 
ating different voltage levels in terms of 
these varying requirements, Such a 
study, based upon costs for line construc- 


blocks of power, 


tion, switchgear, transformer, and other 
equipment, therefore comprised an im- 
portant part of the over-all economic in- 
vestigation as described here. 


Economics of Bulk Power 
Transmission 


While exploratory studies were made 
with voltages as high as 460 kv and serious 
consideration was given at one stage to 
the adoption of a 860-kv nominal level 
(880-kv top), the steeply rising curves of 
corona and radio influence at 345 kv and 
above led to the decision to limit these 
economic studies to the three voltage 
levels, 230) kv, 287 kv, and 345 kv. As 
the study progressed it was decided to 
add an intermediate level at 315 kv. 

Although the immediate transmission 
problem involved only distances under 
300 miles, studies were made for line 
lengths of 100, 200, 3800, 400, and 600 
miles, 

While many factors enter into a study 
of transmission costs, two basic elements 
are, first, the load-carrying capability of 
lines in terms of voltage and distance, and 
second, the installed cost of lines and 
associated equipment, particularly trans- 
formers and switchgear. Related to 
both transmission capability and cost is a 
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third factor, an evaluation of the eco- 
nomics of intermediate switching stations, 
Bach of these factors was developed for 
this study as described here. 


Basic CAPABILITY OF LINES 


A practical evaluation of the power- 
carrying capability of transmission lines 
cannot be tied down to any single formula 
but is rather an empirical determination, 
based largely upon stability limitations 
for the longer lines, with the emphasis 
shifting to losses, both real and reactive, 
for the shorter distances, For very short 
lines even thermal limitations may be 
controlling. Because of its underlying 
importance to the entire study, this ques- 
tion was reviewed very carefully, taking 
into account operating experience and 
practices on various types of systems, 
results of network analyzer studies on 
both hypothetical and actual systems in- 
cluding that of the American Gas and 
Wlectric Service Corporation, and pub- 
lished results of theoretical and practical 
investigations and conclusions as to sta- 
bility limitations. The final result of this 
review has been expressed in the form of a 
curve, Figure 1, showing capability versus 
line length in terms of surge impedance 
loading (SIL), which for all conventional 
lines using single conductors per phase is 
substantially 2.5 kv*. Thus the curve 
applies to any line voltage. 

For line lengths of 300 miles and above, 
the load values shown in Figure 1 are 
based upon reasonable assumptions as to 
generator and transformer impedances at 
the sending-end and equivalent receiving- 
end impedances, together with a reason- 
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Figure 1. Capability of transmission lines in 
terms of surge impedance loading (surge im- 
pedance loading approximate 2'/, kv?) 
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Table |. Severity of Loading Table Il. Transmission-Line Physical Design Characteristics 
Loading in Voltage 230 Kv 287 Kv 315 Kv 345 Kv 
Line Length Kilowatt Miles Per Kv? 
AG Conductor, steel-reinforced aluminum 

LOO ER cere createusteletetster ae 420 CADIES, certs clue alate orateieere ers efelnteweiotsestele S{4 75007 welts 1,058,900.:.... 1,272,000. one 1,351,500 

DOO iivteidscatele aime tneaee 660 Conductor, copper equivalent............-550,000...... 666,000...... 800,000...... 850,000 

SOOM aio raarsisineehie noes 750 Conductor diameter, inches............-. DL eraaters We Arerecagateve 1.60 cine 1.75 

BDO os ravaiarcecerstatere ioe eke 800 Trsulator warts sia o0 seine eae ele Lah lec UG semis 18) cco 20 

BOO Vai ravevels ateeraapicie els wre 900 Single-circuit phase spacing, feet.......... ye eemc Qh eOr emails 20.5... usm 30.5 
Double-circuit phase spacing, feet......... 200 wicelsite 2B ixetateners 23.8 oe 


able margin below the actual steady-state 
stability limit to allow for transient 
swings. These loadings represent the 
capability of lines without series capacitor 
or intermediate synchronous condenser 
compensation and follow quite closely the 
conclusions worked out and published by 
Crary.!2 While such compensation has 
not been considered in this study, the 
effect would be to increase the capability 
of the 400- and 600-mile lines, possibly to 
the extent of maintaining 2.5 kv’, or surge 
impedance loading, up to 600 miles. 

Below 300 miles, the loadings shown on 
Figure 1 have been determined as pointed 
out in the preceding paragraph, not solely 
by stability considerations, but to some 
extent by other considerations such as 
reactive losses encountered at loads above 
2.5kv?. A clear evaluation of the relative 
severity of loading for the various points 
on Figure 1 may be made by expressing 
these loadings in terms of kilowatts 
miles per kv?, For example, at 300 miles, 
kilowatts = 1.0 SIL = 2.5 kv?, and the 
kilowatt miles per kv? = 750. In these 
terms the severity of loading for each of 
the points on Figure 1 would be as shown 
in Table I. 


Cost or LinEs, TRANSFORMERS, AND 
SWITCHGEAR 


To insure that the costs of line and 
terminal equipment assumed in this study 
will be not only comparable but reason- 
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Figure 2. 315-kv single- and double-circuit 
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ably up to date, all of these costs have 
been based on general price levels and 
estimates of installation costs prevalent 
in September 1950. 

As pointed out, the estimated trans- 
mission line cost figures used in this study 
were based upon a type of construction 
which would be considered suitable for the 
general conditions found in the American 
Gas system territory and which may vary 
appreciably from conditions in other 
areas. For one thing, sleet conditions are 
generally quite severe and therefore 
towers have been designed for heavy load- 
ing conditions. 

To keep the weight of steel as low as 
possible and still meet these requirements 
with what is believed to be a necessary 
factor of safety, nickel alloy steel has 
been included in the design of tower 
legs. 

Conductor diameters have been se- 
lected on the basis of corona and radio- 
influence requirements, as outlined in 
companion papers,®’—™ while conductivity 
has been determined by both thermal 
limits and economics of losses with sleet- 


melting a real consideration in the area 


covered. It may be said that full evalua- 
tion of the economics of losses will dic- 
tate a conductivity level well above that 
determined by thermal considerations, 
while sleet-melting requirements may 
hold the sizes down somewhat. Taking 
into account all of these considerations, 
conductor diameters and equivalent con- 
ductivities for each voltage level were 
chosen as shown in Table II. 

The actual conductor was assumed to 
be an expanded steel-reinforced aluminum 
cable design as described in a companion 
paper,’ which also shows the methods 
used in determining the number of insula- 
tors, clearances to ground, and so forth. 
Two ground wires were used for single- 
circuit towers while only one ground wire 
was used for the double-circuit towers. 
Table II also shows the number of insula- 
tor units and phase spacing for both the 
single- and double-circuit towers for 230 
kv, 287 kv, and 315 kv., and for single- 
circuit towers only at 345 kv. 

The general type of tower design used 
is illustrated by the 315-kv single- and 
double-circuit towers shown in Figure 2. 
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The final cost figures used in this study 
for transmission lines are given in Figure 
3. 

Although step-up transformers gener- 
ally are considered as an integral part of 
the generating station, for this study they 
were included with the transmission sys- 
tem along with high-side switching in 
order to show the full effect of voltage on 
total cost. For receiving stations, auto- 
transformers were assumed, stepping 
down to 138 kv from 345 kv, 315 kv, 
and 287 kv, and to 115 kv from 280 kv. 
Total installed costs for step-up trans- 
formers of various voltages and in banks 
of 100,000 kva and 250,000 kva are shown 
in Figure 4. Similarly, the step-down 
autotransformer installed costs are shown 
in Figure 5. . 

Without going deeply into the subject 
of switching schemes, it is believed that 
an average representative cost for high- | 
voltage switching at both sending and ~ 
receiving stations will be obtained by — 
assuming one circuit breaker for each line 
and two for each transformer bank. Esti- — 
mated installed costs for both transformer _ 
and line circuit breakers are shawn in 
Figure 6, where it will be noted that a 
somewhat lower cost per circuit breaker 
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Figure 3. Installed cost of transmission lines 


at various line voltages . 
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Figure 4. Step-up transformers. Installed cost 
for banks of three 1-phase units 


is obtained for transformers due to a sav- 
ing in steel requirements for the double 
circuit-breaker arrangement. While the 
interrupting capacities were not specifi- 
cally tied down, the cost estimates as- 
sumed ratings of the following order: 


230 kv ........10,000,000 kva 
287 kv ..+++....12,000,000 kva 
Bibi Vewdes.---------15,000,000'kva 
EAU Cais e «= 15,000 ,000 kva 


ECONOMICS OF INTERMEDIATE 
SWITCHING STATIONS 


A basic assumption followed through- 
out the entire study was that the useful 
capability of any line arrangement will be 
limited to the maximum capability with 
any one line or line section out of service. 
For double-circuit line construction, it is 
true that 2-circuit outages may occur; 
for the higher voltages, 230 kv and above, 
however, such outages should be rare. 
The minimum transmission setup con- 
sidered, therefore, was two circuits, for 


COST IN THOUSANDS OF DOLLARS 
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Figure 5. Step-down transformers. Installed 
‘cost for banks of three 1-phase units 
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which the useful capability, without inter- 
mediate switching, would be reduced to 
1/2 of the normal capability of the two 
lines as obtained from Figure 1. It is 
obvious, then, that the introduction of 
one sectionalizing station will increase the 
useful capability from 1/2 to 2/3, while 
two stations will increase it to 3/4 of the 
normal 2 circuit capability, assuming in 
each case the loss of only’one line section. 
This, of course, assumes that the rated 
capacity of terminal equipment, trans- 
formers and generators, will be commen- 
surate with the corrected line capability. 
The reduction factor in terms of the nor- 
mal capability from Figure 1 and the 
number of circuits and sectionalizing sta- 
tions may be expressed as follows: 


_(N=-1)(S+1) 


Pl Pom 
o/ N(S+1)—S 


where 


P;=useful capability 

P,=normal capability from Figure 1 
N=number of lines in parallel 
S=number of sectionalizing stations 


For convenient reference, Table III was 
prepared to show the reduction factors for 
zero to four sectionalizing stations with 
two, three, and four circuits in parallel. 

It is obvious from all of this that the 
additional cost of installing intermediate 
switching stations must be balanced 
against the resulting gain in useful or 
effective transmission capability. Such 
a study was carried out for two, three, and 
four circuits at each voltage with line 
distances of 100 to 600 miles and: with 
varying numbers of switching: stations. 
For two circuits, the sectionalizing sta- 
tions consisted of a ring bus using four 
circuit breakers, while a double bus with 
one circuit breaker per line plus a tie 
circuit breaker was used for three or more 
circuits. 

Using transmission line, terminal equip- 
ment, and switching costs as obtained 
from Figures 3, 4, 5, and 6, and normal 
line capability as obtained from Figure 1 
with the proper reduction factors from 
Table III for the outage of any one line 
section, the relation was worked out be- 
tween over-all investment in dollars per 
kilowatt mile and the number of inter- 
mediate switching stations. The results 
were plotted in curve form for each 
voltage, Figures 7 to 12 inclusive, with 
287 kv and 345 kv being representative 
of all the voltages studied. 

As a sidelight on Table III, it is inter- 
esting to note the effect on useful capa- 
bility of adding a third and perhaps a 
fourth circuit to an existing double-cir- 
cuit arrangement. For example, the re- 
duction factor, which for two circuits and 
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Figure 6. Installed cost of circuit breakers 


one sectionalizing station is 2/3, changes 
to 4/5 when a third circuit is added in par- 
allel with the other two circuits. This 
means an increase from 2/3 X 2P, to 4/5 
X 3 Pn, or a net gain of 80 per cent. 

An examination of the curves, Figures 
7 to 12, shows that fewer sectionalizing 
stations are justified as the number of 
circuits in parallel increases. It appears 
logical for two reasons, therefore, in de- 
signing a 2-circuit layout, to stop short 
of the minimum point on the curve: 
first, because of the diminishing return 
where the curve is fairly flat anyway, and 
second, because of the effect of adding a 
future third, or even a fourth, circuit. 
With this in mind, the respective numbers 
of sectionalizing stations to be used in the 
study for the various line lengths were 
chosen from the curves as indicated by 
points marked with a star. 


TRANSMISSION INVESTMENT COSTS, 
DOLLARS PER KiLtowatt MILE 


Since the cost of transmission lines 
themselves is so large a part of the total 
transmission plant investment, it is evi- 
dent from the single-circuit and double- 
circuit line costs shown in Figure 3 that 
the final results in dollars per kilowatt 
mile will be appreciably affected by the 


Table Ill. Reduction Factors for Line Section 
Outages 
Number of 
Sectionalizing Number of Circuits in Parallel 
Stations 2 3 4 
1/2 era oe 2/3 eee 3/4 
DL Bixaeelewee A/Gia ears 6/7 
PEE siti Gea 9/10 
A/D omen R/O ee 12/13 
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Table IV. Transmission Costs, Dollars per 
Kilowatt Mile 
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Two Circuits 
,»:100..0.75 .. 888.. 11,920. .0.358 
| ..-200..0.75 .. 261.. 18,100. .0.347 
230>...3800..0.75 .. 198.. 24,300..0.410 
‘ ..-400..0.80 .. 170.. 31,000. .0.456 
J ...600..0.833.. 182.. 43,370..0.548 
..-100..0.75 .. 520.. 15,175.,0.292 
.--200..0.75 .. 408.. 21,650. .0.265 
287 >...300..0.75 .. 309.. 28,330. .0.306 
..-400..0.80 .. 264.. 35,560. .0.336 
.. 600. .0.833,. 206.. 49,125, .0.398 
\...100..0.75 .. 625.. 17,908. .0.287 
| .,-200,.0.75 .. 492.. 24,806. .0.252 
$15 >...300..0.75 .. 372.. 31,760. .0.284 
(. .-400..0.80 .. 319.. 39,750. .0.312 
.. .600..0,833., 248., 54,950, .0,368 
\...100..0.75 .. 750.. 23,584..0.3815 
| ...200..0.75 .. 588.. 33,060. .0.281 
345>...300,.0.75 .. 446.. 42,800. .0,320 
( ..-400..0.80 .. 380.. 53,580. .0.353 
,, -600..0,833.. 300.. 74,220..0.412 
Four Circuits 
..-100..0.86 .. 764.. 24,026..0.315 
..-200..0.887.. 617.. 36,320. .0.294 
230>...300..0.90 .. 475.. 49,050. .0.344 
..-400..0.928.. 390.. 62,320. .0.399 
.. -600..0.937.. 297.. 87,200..0.490 
) ...100..0.86 ..1,190.. 30,647. .0.258 
| ...200..0.887.. 965.. 43,934, .0.227 
287>...300..0.90 .. 740.. 57,286. .0.258 
( . 400..0.923., 608.. 71,658. .0.295 
.. -600.,0.937.. 463., 98,715. .0,356 
.,-100..0.86 ..1,4385.. 36,710. .0.256 
| ..-200,.0,887..1,165, 50,900..0.218 
315 >...300..0.90 .. 892., 65,0900. .0,244 
j ., -400,.0.923.. 783., 80,640. .0.276 
.. 600. .0.937.. 557..109,950. .0.329 
| ...100..0.86 ..1,720.. 48,370. .0.287 
| . .200, .0,887,.1,390.. 67,660, .0.243 
345 >...300..0.90 ..1,070.. 87,150, .0,272 
( . 400,.0.923.. 880..108,340..0.308 
. 600,.0,937., 670..149,320. .0,372 
Six Circuits 
)...100..0.90 ..1,200.. 36,100. .0.301 
..-200,,0.927.. 967.. 54,530. .0.282 
230 >,. .300,.0.9387.. 744.. 73,250. .0.328 
.. 400,..0.952.. 604,, 92,700. .0.384 
.. 600, .0.961.. 456. .130,000, .0.475 
..-100.,0.90 ..1,870.. 46,370. .0,248 
...200,,.0.927..1,510.. 65,880..0.218 
287 >. . .300, .0.937..1,160., 85,430, .0,246 
.. 400, .0,.952.. 940..106,580. .0,284 
.- -600,.0,961.. 710..146,800, .0,344 
-100..0.90 ..2,250.. 55,520. .0,247 
-200. .0.927..1,825.. 76,500. .0.210 
315 - 3800. .0.937..1,395.. 97,120. .0.232 
-400, .0,952..1,185. ,120,230. .0.265 
-600,.0.961.. 856..164,000, .0.320 
-100..0.90 ..2,700.. 73,300, .0.272 
- 200. .0.927,.2,180.. 99,600, .0.229 
345 - 300. .0,937..1,675. .130,200. .0.259 
-400, .0,952,.1,358..161,350. .0.297 
-600. 0,961. .1,028, .222,080. .0.360 


choice of double-circuit versus single-cir- 
cuit lines. As indicated in a companion 
paper," our studies have indicated that 
double-circuit lines will be quite feasible 
for voltages as high as 287 and 315 kv, 
but for a number of reasons were not con- 
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Figure 7. Economics of sectionalizing sta- 
tions for two circuits at 287 kv 


sidered practicable at 345 ky or higher 
voltages. In line with these conclusions, 
and using the basic factors of capability 
and investment costs developed as de- 
scribed previously, we have explored 
transmission investment cost on the basis 
of double-circuit lines in units of two, four, 
and six circuits at each of the voltages 
230, 287, and 315 ky, changing to single- 
circuit lines for the 345-kv class. The 
results of these studies in dollars per kilo- 
watt mile for line lengths of 100 to 600 
miles, and with sectionalizing stations 
selected in accordance with Figures 7 to 
12, are shown in Table IV. 

In order to show the comparative eco- 
nomics of single-circuit lines, a similar 
study has been made, based upon four 
single-circuit lines for each voltage at line 
lengths of 200 and 300 miles and the re- 
sults are shown in Table V. It was be- 
lieved that such a study would give a 
basis of comparison which would be 
representative of other transmission dis- 
tances and circuit combinations. 
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Figure 8. Economics of sectionalizing stations 
for three circuits at 287 kv 
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Table V. Transmission Costs, Dollars’ per 
Kilowatt Mile—Four Single-Circuit /Lines 
Ky 
| ‘Ss 3 
z os). 3 
a o oie ae 
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230} ..200.. 617... .44,570....0.3861 
.800. 475....61,150....0.429 
287 } oo + .200.... - 965. .  7O2SBS0 Ramer 
....800.... 740....70,080....0.316 
315} ...200....1,165....59,820....0.256 
M ..800.... 892....78,570... 50.294 
345) ° ++ +200...-1,300... .67,660....0.248 
. 5} . 300:...1,070....87, 160... .07272 


It will be noted from Table IV that for 
the 100- and 200-mile lines the reduction 
factors indicated in Table III have been 
modified to increase the useful capability. 
The greatest change made is in the 100- 
mile 2-circuit line, where the reduction 
factor with one circuit out has been in- 
creased from 50 to 75 per cent. Progres- 
sively smaller changes were made for the 
4- and 6-circuit 100-mile lines and for the 
200-mile lines with one sectionalizing sta- 
tion. This increase in the emergency load 
capability of 100-mile and 200-mile lines 
is believed to be justified since reactive 
loss rather than stability was the impor- 
tant criterion in establishing this portion 
of the capability curve of Figure 1. With 
adequate reactive capacity available both 
in generating stations and in receiving 
systems, such emergency loadings should 
be entirely feasible, and, in fact, are be- 
lieved to be representative of actual prac- 
tice in loading modern transmission sys- 
tems. 

The data from Tables IV and V have 
been plotted in Figures 13 to 16 inclusive. 
It is interesting to note from these curves 
that, under the assumption of double- 
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Figure 9, Economics of sectionalizing stations 
for four circuits at 287 kv 
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Figure 10. Economics of sectionalizing sta- 
tions for two circuits at 345 kv 


circuit construction for all lines below 
345 ky, the most economical voltage is 
315 kv. This result, of course, is to a 
large extent attributable to the greater 
economy of double-circuit construction 
which was not extended to the 345-kv 
level. In order to show the direct influ- 
ence of single-circuit versus double-cir- 
cuit construction, single-circuit costs in 
dollars per kilowatt mile for the 200- and 
300-mile 4-circuit lines have been super- 
imposed on the curves of Figure 16. This 
gives a direct comparison of the eco- 
nomics of all four voltages on the same 
single-circuit basis as that used for 345 
kvalone. Here again, it may be observed 
that the 315-kv level still compares 
favorably with 345 kv, even on a single- 
circuit basis. 


TRANSMISSION Costs, MILLS PER 
Kitowatr Hour 


In the final analysis the economics of 
electric power transmission must be meas- 
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Figure 11. Economics of sectionalizing sta- 
tions for three circuits at 345 kv 
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Figure 12. Economics of sectionalizing sta- 
tions for four circuits at 345 kv 


ured not only in the investment cost per 
kilowatt per mile as outlined here, but 
also in terms of the cost of transmitting 
energy, that is, mills per kilowatt hour. 
This introduces several additional factors, 
including carrying charges on the invest- 
ment, the cost of losses, and load factor 
on the lines. In determining these costs 
the same combinations of line voltages and 
number of circuits have been followed as 
in the study of investment costs as shown 
in Figures 13 to 15. Carrying charges on 
the investment have been taken as 13.75 
per cent, the cost of energy losses at 3.0 
mills, and the capacity cost for line losses 
at $125 per kilowatt. The resistance 
losses, of course, were calculated on the 
basis of the line conductors assumed for 
each of the four voltages from 230 kv to 
345 kv. 

Since carrying charges on the invest- 
ment represent by far the largest part of 
the total cost in terms of mills per kilo- 
watt-hour for transmission, it is obvious 
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Figure 13. Transmission investment cost in 
dollars per kilowatt mile for two circuits 
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Figure 14, Transmission investment cost in 
dollars per kilowatt mile for four circuits 


that load factor will have a large effect on 
the result. In these studies the analysis 
has been carried out for two different load 
factors, first, a 50 per cent load factor, 
which for the purpose of loss calculations 
was assumed to be made up of eight 
hours use at full load and 16 hours at 25- 
per cent load, and second, an 80-per cent 
load factor made up of 16 hours at full 
load and eight hours at 40-per cent load. 

The results of these studies are shown 
for two, four, and six circuits in Figures 
17 to 19 for 50-per cent load factor and 
Figures 20 to 22 for 80-per cent load fac- 
tor. Here again, the cost of transmission. 
follows a downward trend as voltages in- 
crease from 230 kv to 315 kv, but rises 
somewhat at 345 kv. This, of course, 
would be expected from the similar results. 
obtained in the analysis of investment 
cost. 

As previously pointed out, the use 
of double-circuit construction for the 
three lower voltages, with single-circuit 
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Figure 15. Transmission investment cost in 
dollars per kilowatt mile for six circuits 
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construction only for 345 kv, is largely 
responsible for the rise in the cost trend 
above 315 kv. 

Figures 23 and 24 have been included 
to show the effect on transmission cost in 
mills per kilowatt-hour of single-circuit 
construction for the three lower voltages 
with four circuits at transmission dis- 
tances of 200 and 300 miles. As expected, 
these curves follow the trend indicated in 
Figure 16 covering the investment cost 
with single-circuit construction. 


General Considerations in the 
Application of Extra-High-Voltage 
Transmission to Existing Systems 


As mentioned in the first two para- 
graphs of the paper, a basic economic 
study of long-distance bulk transmission 
was believed to be necessary as a founda- 
tion on which to erect various other con- 
siderations in the selection of the voltage 
level and other features of a high-voltage 
transmission system. One of the most 
determining considerations is, of course, 
the type of system on which such trans- 
mission is to be applied or superimposed, 
If the system already involves or requires 
additional long-distance transmission of 
bulk power, the economic study here 
described will have almost a direct appli- 
cation to the problem, particularly if the 
existing voltage of the system is well be- 
low the range of voltages stated. If the 
existing system is already 230 kv, or per- 
haps 161 kv, the advantages of super- 
imposing a higher voltage level may be 
less apparent, particularly in view of the 
advantages in service continuity and sta- 
bility characteristics obtainable by adding 
additional circuits in parallel. In such 
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cases the cost of higher voltage develop- 
ment will have to compete also with pos- 
sible lower costs obtainable by the use of 
series capacitors, intermediate switching 
stations, or intermediate synchronous 
condensers. If the amount of power to be 
transmitted is not too large and will in- 
crease at only a moderate rate, the addi- 
tion of circuits at the existing voltage will 
have the advantage of considerably lower 
initial cost for the first one or two steps of 
increase required, not only by reason of 
the lower cost of the line itself but by the 
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Figure 18. Transmission cost in mills per 
kilowatt hour for four circuits at 50 per cent 
load factor 


St..Clainy Peterson—Extra-Highe Voltage Transmission 
en 


A. 
’ 


™ 


6 CIRCUITS 
re 
a ba 
| 
| 


COST-MILLS PER KWH. 


0 
200 225 250 275 300 325 350 
230 287 315 345 


LINE VOLTAGE ~ KV. 


Figure 19. Transmission cost in mills per 
kilowatt hour for six circuits at-50 per cent 
load factor 


avoidance of the cost of necessary voltage 
transformation. 

On the other hand, extra-high-voltage 
transmission, even at the disadvantage of 
a higher initial cost to get it started, may 
be the more economical and desirable 
system on a longer time basis. As an 
extreme example, in Sweden, where a 
230-kv system already existed, it was 
found that the necessary expansion of 
facilities to bring in the expected develop- 
ment of large hydro resources some 500 to 
600 miles north of Stockholm would re- 
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Figure 20. Transmission cost in mills per kilo- 
watt hour for two circuits at 80 per cent load 
factor 
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Figure 21. Transmission cost in mills per 
kilowatt hour for four circuits at 80 per cent 
load factor 


quire no less than 20 circuits at the 230-kv 
level. On this basis the superposition of a 
higher voltage can hardly fail to give the 
right answer. With the planned voltage 
of 380 kv for this project, the number of 
circuits required obviously can be cut 
down to one-third of the number required 
at 230 kv. 

In an interconnected network type of 
system, such as that of the American Gas 
and Electric Company, the problem, of 
course, is quite different from that of the 
long-distance transmission system, but at 
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the same time the need exists for some 
fairly long-distance transmission of rela- 
tively large blocks of power, and, as 
pointed out in a companion paper,!! the 
size of such blocks, if not the necessary 
transmission distance, will continue to 
increase as the system continues to grow. 
Based upon the extent of growth over the 
past decade, to say nothing of the past 
80 years, it seems inevitable that very 
large increases will take place over the 
next 30 years. The increase in transmis- 
sion requirements accompanying such in- 
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Figure 24. Transmission cost in mills per 
kilowatt hour for four circuits at 80 per cent 
load factor, 200-mile and 300-mile distances, 
single-circuit versus double-circuit construction 
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creased load will be very great, even with 
generating developments distributed as 
well as they can be on available sites 
throughout the system. The increase in 
unit size, coupled with the need for flexi- 
bility in transmission to take care of unit 
outages for maintenance, in itself will re- 
quire a large increase in interconnecting 
transmission capacity. 

To set forth the various system con- 
siderations influencing choice, economic 
and otherwise, of a transmission system 
voltage level it may be helpful to sum- 
marize on the one hand those considera- 
tions which tend toward the selection of a 
lower voltage level, and on the other hand 
those which favor the use of the highest 
possible voltage level. 


CONSIDERATIONS TENDING TO HOLD 
Down TRANSMISSION VOLTAGE LEVELS 


1. Heavy initial investment at the 
higher voltages for the early stages of 
superposition on an existing transmission 
system. This is reflected in the cost of 
establishing the necessary transformation 
facilities at two or more points on the 
system, in addition to the cost of the high- 
voltage line construction. 

2. Excessive amounts of transmission 
capability concentrated in fewer lines or 
circuits, particularly in the early stages of 
a superposition program before alternate 
lines are available for backup in case of a 
circuit outage. While this defect may be 
remedied to some extent by the use of 
ultrahigh-speed reclosing, an appreciable 
outage possibility will remain, at least 
with a single-circuit line. It may be 
said, however, that with a double-circuit 
extra-high-voltage line of proper co- 
ordinated design and equipped with effec- 
tive high-speed reclosing the probability 
of a permanent outage of both circuits, 
that is, failure to reclose at ultrahigh 
speed, is sufficiently small that it can be 
neglected in system design. At least it is 
hoped that this conclusion will be justi- 
fied by further accumulation of operating 
experience with extra-high-voltage trans- 
mission. 

8. Favorable economics of double- 
circuit lines compared with single-circuit 
construction, coupled with practical limi- 
tations to the voltage level which would 
be feasible for double-circuit towers and 
the large transmission capacity which 
would be concentrated in a single line 
even if such high-voltage double-circuit 
towers were attempted. 

4. The steeply rising curves of radio 
influence and corona effects, as pointed 
out in a companion paper.” Information 
so far obtained from extensive investiga- 
tions of these effects indicates that this is 
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perhaps one of the most important con- 
siderations in holding down extra-high- 
voltage transmission levels. 

5. Increasing difficulty of sleet-melt- 
ing for the larger conductors required— 
both in diameter and conductivity—at 
higher transmission voltage levels. This 
consideration, of course, will apply only 
in areas where sleet formation is a serious 
problem, 

6. Practical limitations in the length 
of insulator strings for which hot-line 
maintenance can be used. ‘The limiting 
voltage beyond which hot-line mainte- 
nance ceases to be feasible may be the sub- 
ject of some difference of opinion through- 
out the industry, but, at least for the 
American Gas System, it is believed that 
this limit coincides rather closely with the 
limiting voltage level for which double- 
circuit tower construction was considered 
feasible, desirable, and practicable. 


CONSIDERATIONS FAVORABLE TO HIGHER 
VOLTAGE TRANSMISSION 


1, Maximum utilization of available 
rights of way in areas where available 
routes are limited in number and costly. 

2. Maximum room for future system 
growth, not only where transmission-line 
loadingis determined mainly by the growth 
of load in a receiving area but also where 
emergency maintenance outages on large 
units and interconnection requirements 
dictate high transmission capacity for 
general flexibility and operation. 

3. Generally lower transmission losses 
at the higher voltages for a given system 
load requirement. 


Conclusions 


Finally, it is firmly believed that where 
a choice of transmission voltage is to be 
made, of all the various considerations 


Discussion 


W. A. Morgan (Bureau of Reclamation, 
Denver, Colo.): We have looked forward 
to this paper explaining the reasons for 
the choice of 315 kv as the nominal voltage 
of the new American Gas and Electric Com- 
pany system and the authors are to be con- 
gratulated on a very worthwhile presenta- 
tion, This subject is of considerable interest 
to us because we are making similar studies 
at the present time. We have a few ques- 
tions, the answers to which will be of value 
to us and perhaps to others of the industry, 

It is believed that the question of whether 
to ignore double-circuit faults is a very 
important one. It also is noted that you 
do not intend to provide two overhead 
ground wires for the double-circuit con- 
struction in an effort to minimize double- 
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brought to bear upon this choice one of 
the heaviest considerations should be a 
strong faith not only in the immediate 
future but in the long-term future growth 
of power systems generally. It is felt 
that even a relatively large apparent sav- 
ing in investment in the immediate future 
by the choice of a lower transmission 
voltage may result in even larger losses 
over a longer term if the voltage proves to 
be inadequate and uneconomical. 


On the basis of the present economic 
study and in the light of accompanying 
investigations of radio influence, sleet- 
melting, hot-line maintenance, and other 
problems, the 315 to 330-kv transmission 
level appears to be a logical, practicable, 
and forward-looking choice. While the 
various curves described in this study 
indicate that the downward trend of cost 
with increasing voltage for double-circuit 
lines might continue even beyond the 
315-kv level, nevertheless it is also appar- 
ent that this level is at least not far from 
a point of maximum economy, Having 
selected the insulation and other require- 
ments for this nominal level, it may be 
that further experience and improvement 
in the art of protection will make it possi- 
ble to push the upper limit of operating 
voltage even higher than the present con- 
templated maximum of 330 kv without 
making any other changes in the physical 
design of the equipment and lines, thereby 
taking advantage of the further economy 
which this study shows could be realized 
at such higher levels. This, of course, 
may not materialize, but it is a possibility 
which will not be overlooked if experience 
shows it to be feasible. In any event, 
even at 315 kv, with a capability for dis- 
tances up to 300 miles of 250,000 kw per 
circuit, 500,000 kw per double-circuit 
line, and with the possibility of maintain- 
ing this capability with suitable compen- 


sating devices for considerably longer 
distances, it is believed that transmission 
at this level will provide an adequate and 
economical tool for a long time to come. 
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circuit faults. Relative performarice figures 
of different 230-kv systems have shown 10 
to over 50 per cent to be double-circuit 
faults. We would be interested in knowing 
what your experience in relative perform- 
ance of double versus single circuit design 
has been and what you expect at 315 kv. 
Do you plan to provide especially low tower 
footing resistances on the order of 1 to 2 
ohms to reduce the total number of faults? 

There are some that feel that faults due 
to causes other than lightning (such as 
airplanes) may be increasing in percentage. 
This would be a factor against double-cir- 
cuit construction in some areas, but per- 
haps this is not a problem in your area. 
It is assumed that you have adequately 
considered the possibility of faults due to 
galloping conductors caused by wind on ice 
coated conductors and to jumping conduc- 
tors in the vertical configuration when the 
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lower conductor loses its ice load. 

It is understood that the system con- 
sidered is one that would be capable of 
carrying its rated kilowatts with one circuit 
section out of service, However, it is not 
clear if this is expected during a 3-phase 
fault at the worst location. Was a specific 
criterion of kilowatt loading, type of fault, 
fault location, and so forth, established for 
this system? 

Since it is stated that high-speed reclos- 
ing is to be used, was any consideration 
given to the fact that reclosing on a sus- 
tained fault is worse from a’stability stand- 
point than not reclosing the line back to 
service? Where reliability is paramount 
the use of reclosing is not so favorable for 


this reason, Then, probably the only reason — 


for using high-speed reclosing would be to 


return to service the faulted line as rapidly — 


as possible in case a second line is tripped 
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out by a simultaneous multiple-stroke fault 
due to lightning and the system would not 
be able to stand the loss of two circuits. 
Then, it amounts to balancing the possi- 
bility of reclosing on a sustained fault 
against the possibility of two circuits being 
faulted simultaneously due to lightning. 
Do you have actual experience which is 
used as the basis for deciding on high-speed 
reclosing on what is presumed to be a sys- 
tem requiring a high degree of reliability? 

At the'risk that this might be covered by 
a companion paper, I would like to ask 
whether the choice of 315 ky will introduce 
a new insulation level for transformers and 
circuit breakers and what this level would 
be. While the old 230-kv level now may be 
considered adequate for 287 kv, it would 
appear that the old 287 kv would be 
adequate for higher than 315 kv. 

In the studies we have made, quite large 
conductor sizes have been justified on the 
basis of economics considering the evalua- 
tion of losses. You state that sleet-melting 
requirements hold down the sizes you have 
considered over that of a full evaluation 
of the economics of losses. Is this on the 
basis of one circuit section being temporarily 
removed from service so as to provide 
sufficient current for heating on the remain- 
ing second circuit? On one system we are 
studying there is no sleet problem, and we 
would be interested in knowing what sizes 
you would have used if no consideration 
were given to sleet-melting. 

In view of the work done in Sweden, 
was consideration given to the relative 
economics of systems utilizing series capaci- 
tor compensation and duplex conductors? 
Hither of these features would improve 
stability by reducing the impedance, and 
it would appear could be considered as 
competitive. The duplex conductors would 
allow greater current carrying capacity and 
less corona with standard type conductors. 

Were variations in required synchronous 
condenser capacity considered? 

Were losses evaluated both by the kilo- 
watt capacity cost as well as on a mill 
kilowatt-hour basis because of the rates 
used for selling the power? Or, was one 
method used for some losses and the other 
method used for other losses. We agree 
that the total annual costs should be con- 
sidered in any comparison including losses, 
operation and maintenance, replacement, 
annuity, and amortization of investment. 

I wonder if the same results would be 
obtained if the study were made on the basis 
of a fixed amount of power to be transmitted 
Over a definite extension to an existing 
system. The results shown were for a 
general study. We have found that lines 
about 300 miles long on our system may be 
loaded somewhat above the surge impedance 
loading indicated in Figure 1 of the paper, 
under transient stability conditions. Was 
the decision to use 315 kv based on only 
this general study? 

We are quite interested in the back- 
ground of the decision to use 315 kv in as 
much as it means pioneering in a new insula- 
tion class, and many have been unwilling 
to go beyond the present highest insulation 
class in United States of 287 kv. I want to 
compliment the authors on having the 
courage to go to this higher voltage because 
the history in many parts of United States 
is that the nominal voltages selected are too 
often just barely adequate for the systems 
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for which they are built and are “under- 
voltaged”’ within 10 years. Part of the 
blame for this is that high-voltage systems 
cost more and most new additions or systems 
must be made economically feasible on the 
basis of more or less immediate future 
needs. 


C. W. Watchorn (Pennsylvania Power and 
Light Company, Baltimore, Md.): The 
authors present a very interesting analysis 
of the relative economics of high-voltage 
transmission. They have used two stand- 
ards of meastire or indices, the investment 
cost in dollars per kilowatt-mile, and the 
annual cost in mills per kilowatt-hour. 
Both of these standards of measure may 
appear to lead to the conclusion that 315 
kv is the most economical of the four trans- 
mission voltages studied. However, as 
pointed out by the authors, the particular 
circumstance relating to various character- 
istics of specific systems may result in quite 
different conclusions. 

Fundamentally, the relative economics of 
alternative facilities involve primarily the 
determination of the average annual cost of 
doing the same job or performing the same 
function in different ways over a period of 
years in the future. One factor to be con- 
sidered is thus the job to be done. If the 
job is to transmit large blocks of bulk power 
long distances, as in the case in Sweden 
cited by the authors, cr even of intercon- 
necting two already comparatively large 
systems, the problem is greatly simplified 
as compared with that of providing ade- 
quate transmission for the growing load of 
an already existing system. Nevertheless, 
if it is desired to use more precise methods 
of evaluation of the relative economics of 
various alternatives, the fundamental treat- 
ment of the various factors involved re- 
mains unchanged for all these various condi- 
tions, and even for other conditions or 
functions. However, it is very doubtful if 
such precise methods of evaluation would 
at all be justified in the case of transmission 
of large amounts of power over long dis- 
tances, as in the Swedish case, for which it 
is quite possible that either of the indices 
used by the authors may be entirely satis- 
factory to indicate the most economical 
transmission voltage, provided the index 
chosen is related to the actual amount of 
power or annual energy to be transmitted 
rather than to the transmission capability. 
It is believed that such may very well not 
be the case in some instances, particularly 
when the additional transmission is being 
provided primarily as related to the growing 
load of an already existing system. 

In such a case the annual additional power 
and energy required to be transmitted by 
the primary transmission network of the 
system from year to year is generally rela- 
tively small over a long period of years, at 
present, in many cases, being in the general 
order of five per cent. The resulting in- 
creased transmission capacity requirements 
can be met usually either by adding rela- 
tively small additional transmission capa- 
bility to the network at rather frequent 
intervals, possibly on an almost continuous 
basis; or by adding relatively large addi- 
tional transmission capability at less fre- 
quent intervals. For the first case, which 
would be the result in the event the addi- 
tional transmission facilities were provided 


within the lower voltage range, the addi- 
tional investment in transmission facilities 
over a given period of years quite probably 
would be considerably larger than for the 
second case, which would be the result in 
the event the additional facilities were pro- 
vided within the higher voltage range. It 
does not necessarily follow, however, that 
this result is conclusive that the higher volt- 
age is the more economical. 

This situation raises the question as to the 
relative economics of spending smaller 
amounts of money at frequent intervals, 
but a larger total amount over a given period 
of years, to do a given job as compared with 
spending larger amounts at less frequent 
intervals, but a smaller total amount over 
the same period of years to do the same job. 
This problem involves an application of the 
time cost of money or present worth con- 
cept. This is very important in such cases, 
because if neglected, it may happen that a 
less economical alternative may be indi- 
cated as being the more economical. To 
neglect the factor for present worth in such 
studies is equivalent to maintaining the 
proposition that a given amount of money 
as of any number of years hence is worth 
the same as of today as the same amount of 
money today. It is believed that no one 
would agree to such a proposition. There- 
fore, it would appear that the suggestion, 
that the effect of the time cost of money is 
an important factor in such studies merits 
serious consideration, particularly since to 
omit it may result in erroneous conclusions. 

Such factors should, of course, be applied 
to all differences in future costs that are the 
result of the various alternatives being 
studied. 

The differences in energy losses should be 
with respect to the system as a whole, in- 
cluding those of such various alternatives, 
and not for the respective alternatives 
alone. Such differences in losses should 
be evaluated on the basis of the top incre- 
mental generating cost of the system on an 
annual basis for each of the future years, 
and then adjusted to an average annual 
basis in accordance with the present worth 
concept just discussed. 

The transmission losses, as pointed out by 
the authors, also have a capacity value as- 
pect in addition to that of energy value. In 
the event the differences in the transmission 
losses are large, there may be a reduction in 
the installed capacity for certain of the al- 
ternatives, at least from time to time, as 
compared with others. Such reductions re- 
sult in decreased fixed charges and pos- 
sibly other costs, and at the same time may 
also result in differences in generating costs, 
which should also be taken into account, but 
only for those years for which it is estimated 
there will be differences in installed capac- 
ity. On the other hand, however, it may 
be that the differences in losses may not be 
large enough to ever result in a reduction in 
the installed capacity. There are then no 
differences in the annual costs on this ac- 
count. This does not mean, however, that 
there should be no evaluation made on ac- 
count of the capacity value of the differences 
in the system transmission losses, as is fre- 
quently proposed. Although there is no 
reduction in annual cost on this account 
there is quite definitely a difference in the 
services available, which, since of value to 
the system, should be evaluated, as was done 
by the authors. It is believed that it is 
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reasonable to make the evaluation for this 
latter condition on the basis of the incre- 
mental cost of capacity additions to the sys- 
tem. For the former case, for which there 
are differences in installed capacity, the dif- 
ferences should be evaluated for those years 
for which it is estimated such differences 
will exist, on the basis of the average cost of 
capacity additions or if such differences are 
shown as the result of a year to year study, 
the evaluation should be on the basis of such 
programmed differences. 


One alternative to an extra high-voltage 
bulk power transmission system, of course, 
is that of the more widespread location of 
generating capacity throughout the system. 
Such a scheme would result in a fairly high 
degree of balance between the location of 
load and generation, the result of which 
quite likely may be that the differences in 
the transmission losses would be so much 
smaller than with the system wide bulk 
power transmission system that the capac- 
ity value of such loss differences, together 
with the effect of the other cost differences, 
may indicate that such scheme for the loca- 
tion of generating capacity, together with 
the use of a lower voltage for the system 
transmission network, is the more desirable 
basic plan. 


S. B. Griscom (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
economics of power transmission is a very 
involved subject. Before material, equip- 
ment, and construction costs can be brought 
into the picture, many determining factors 
must be analyzed and specified. Among the 
most important of these are: 


1. Load capabilities of transmission lines as a 
function of voltage and length. 


2. Insulation levels of lines and equipment. 


3. Outside diameter of conductors, as dictated by 
radio influence, sleet melting or corona loss. 


4. Conditions affecting tower design such as ty 
of terrain, wind and ice loading, and isokeraun 
level. 


In assessing economic studies it is well to 
keep in mind which items are basic and 
which are subject to change, either because 


of technical progress, or to altered local con- 
ditions. 


In the matter of line loading, for example, 
progress in the last 25 years in high-speed 
relaying, tripping, and reclosing of circuit 
breakers plus other improvements, has prac- 
tically doubled permissible loads. It is of 
interest to speculate as to whether signifi- 
cant improvement can be expected in the 
future. The authors’ views on the subject 
of line loadings are contained in Figure 1 
and appear to be very realistic with respect 
to present capabilities. The loadings given 
are fairly high percentages of theoretical 
power limits for uncompensated long lines 
and therefore little increase can reasonably 
be expected in the future. 


The insulation levels given in Table I give 
effect to the advances made in “lightning 
proofing”’ transmission lines, and here again, 
there appears little prospect of significant 
reductions in the immediate future. The 
conductor diameters listed in the same table 
were based largely on present-day considera- 
tions with respect to radio influence. There 
appears to be no reason for expecting radio in- 
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fluence factors to become worse in the future, 
but they may possibly improve if in the 
future FM radio and television, which are 
comparatively immune, supplant AM radio. 

Tower cost is probably the most impor- 
tant single item of transmission expense. 
Through the years, this item has had the 
scrutiny of utility engineers and progressive 
improvements in the economical use of ma- 
terials have taken place. The expected use 
of nickel alloy steel for tower legs mentioned 
by the authors is an example. 

The authors’ results are summed up by 
Figures 17 to 24, and justify the selected 
voltage for use on the system of the Ameri- 
can Gas and Electric Company. The study 
is of great interest to transmission engineers 
generally, both from the point of view of 
procedure and from that of quantitative re- 
sults. Where similar local conditions apply, 
the conclusions with respect to general level 
of voltage should apply. With respect to 
possible changes resulting from future de- 
velopment or from differing local conditions, 
it would appear that these are most likely 
to concern factors relating to conductors, 
towers, and loss evaluations. 

The authors have made a noteworthy con- 
tribution in the field of power transmission 
and are to be commended for the clarity of 
their presentation. The considerations pre- 
sented in the section on General Considera- 
tions in the Application of Extra-High- 
Voltage Transmission to Existing Systems 
are particularly valuable to those contem- 
plating extra high-voltage transmission. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The American Gas 
and Electric Service Corporation and their 
associates are to be congratulated for the 
excellent papers they have presented, which 
give in detail the basis of the selection of a 
higher voltage and their basic system design 
philosophy. Probably the most outstand- 
ing feature is the selection of as high a volt- 
age as is considered practical for use with 
double-circuit towers. This is contrasted 
with the European selection of 380 kv using 
single-circuit towers and double conductors 
per phase. One cannot help but be con- 
vinced that the selection by the American 
Gas and Electric Service Corporation is cor- 
tect for conditions prevailing in the United 
States, in view of the cost figures presented 
in the paper. It is quite evident that the 
double-circuit tower for their conditions 
provides transmission at the lowest cost per 
kilowatt mile. This conclusion, which un- 
doubtedly was one of the most determining 
factors in the selection of the voltage, is sub- 
stantiated by single-circuit and double- 
circuit cost comparisons at lower voltage 
levels, particularly when right-of-way costs 
are an appreciable factor. 

One of the many interesting results of 
these studies is the decrease in relative im- 
portance of line outages caused by lightning 
as compared with switching surges and nor- 
mal frequency overvoltages in determining 
the insulation levels. This certainly ap- 
pears most reasonable, particularly for inter- 
connected systems of large capacities, where 
the reclosing procedure can be applied effec- 
tively for removal of temporary faults 
caused by lightning. It also is apparent that 
further increases in the operating voltage 
per disk of line insulation may be realized by 
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giving additional attention to means of re- 
ducing the switching surge voltages. Qne of 
the most obvious and direct methods of 
accomplishing a further reduction is to use a 
circuit breaker which has a minimum ten- 
dency or no tendency to restrike. 

These papers give added emphasis to the 
trend of high-voltage transmission system 
design in the United States by: 


1. The use of low-resistance conductors. 


2. The use of reactive kilovolt-ampere capacity 
for increasing the transmission line loading. ++ 


3. Intermediate switching stations. 


4. Stepping up the new generation directly to the 
high-voltage system. 


5, Large capacity transformer ties to the lower 
voltage (138-kv system). 


6. Full use of lightning arresters. 


7. Circuit with higher 
capacity. 


breakers interrupting 


Use of a double-circuit tower line which 
may carry as much as 800,000 kw in a tower 
head may present problems of developing 
operating procedures in case of a double- 
circuit tower outage. However, there are 
methods which may be applied to reduce the 
possibility of severe load interruptions when 
such an outage does occur. Also, for such a 
large interconnected system the loss of a 
fully loaded double-circuit tower line will 
become less important in the future as the 
system becomes more fully developed. 

In considering this contribution to system 
design broadly, it will be recognized as giv- 
ing a most excellent statement of modern 
American practice. At the same time this 
paper makes a significant contribution to- 
ward the use of double-circuit tower lines of 
high voltage and holds for the future the 
possibility of still further reductions in line 
insulation. 


H. P. St. Clair: Mr. Morgan has raised a 
number of questions regarding expected per- 
formance of the proposed 315/330-ky trans- 
mission lines and system. Comments on 
these will be given in order as follows. 

As to the large percentage of double- 
circuit faults, 10 to over 50 per cent, which 
Mr. Morgan quotes, our experience on 
several thousand miles of double-circuit 132- 
kv line equipped with carrier relaying and 
high-speed reclosing shows a very small per- 
centage of double-circuit faults. We are 
realizing at least 90 per cent successful high- 
speed reclosure, which is the real test of our 
double-circuit line performance. This also 
is the real answer to the question Mr. 
Morgan raises as to the desirability of at- 
tempting high-speed reclosure against per- 
manent faults which he assumes may be in- 
creasing in proportion to transient faults. 
On our system very nearly all line faults, 
chiefly lightning, are of a transient nature. 

A single ground wire on double-circuit 
construction is now used on our 132-kv lines 
and will be used on the 315/330-kv, lines 
for two reasons: first, the center location of 
the ground wire offers the least danger of 
contact with phase wires in case of sleet and 
galloping-conductor phenomena and, sec- 
ond, there is an appreciable saving in cost. 
In general, it is not planned to take special 
measures to reduce tower-footing resistances. 
We intend to rely instead on high-speed re- 
closing to take care of any additional faults 
that may result from high-footing resistances _ 
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as well as from the use of a single ground 
wire. 

As to the hazard of galloping conductors 
under wind and ice conditions with conduc- 
tors in vertical configuration, it is planned, at 
least in the more complete development of 
the system, to use the same sleet-melting 
routine now used on our 132-kv system to 
remove the ice promptly before it can accu- 
mulate heavily on the conductors. In 
addition, the proposed double-circuit tower 
design will provide an offset of 5 feet be- 
tween the center and bottom conductor and 
6.5 feet between the center and top con- 
ductor. While this will not provide com- 
plete protection against trouble, it should 
take care of many of the less severe con- 
ditions. 

The economic study described in this 
paper, as Mr. Morgan states, was based 
upon line capabilities with any one circuit 
section out of service. As to the establish- 
ment of any ‘“‘specific criterion of kilowatt 
loading, type of fault, fault location and so 
forth,” it is assumed that reference is being 
made to the proposed extra-high-voltage 
system of the American Gas and Electric 
Service Corporation described in a previous 
paper. In this case it is necessary to take 
into account the type of system we are deal- 
ing with and the fact that most if not all of 
the lines will be fully loaded only on inter- 
mittent occasions such as during mainte- 
nance outages of large units, heavy inter- 
change with interconnected systems, and 
emergencies. For this reason no attempt 
was made to set up specific criteria as to 
loading or type of fault. 

Sleet melting o1fthe proposed system will 
have to be carried out by actual short cir- 
cuiting of lines and the application of volt- 
age, probably 132 kv, in the same way that 
it is carried out on the present system. It 
would not be possible under most conditions 
to obtain sufficient current for sleet melting 
by removing one circuit to increase the 
loading on another circuit in parallel. 

Again, the type of system we are dealing 
with does not lend itself very readily to a 
rigorous determination of the most eco- 
nomic conductor size. As pointed out in a 
previous paper, however, economic con- 
siderations would have led to the selection 
of at least 850,000 or 900,000 circular mils 
copper equivalent rather than the 800,000 
circular mils copper equivalent chosen on 
account of sleet melting. 

For the length of line sections required on 


the American Gas and Electric Company 
system, we are convinced that series capaci- 
tor compensation would be totally non- 
competitive from an economic standpoint. 
Either series capacitators or duplex conduc- 
tors at the voltage chosen would have pro- 
vided what we regard as excessive capability 
tied up in one transmission line route. 
Duplex conductors were considered unde- 
sirable also from the standpoint of installa- 
tion and maintenance problems, as well as 
from the standpoint of sleet-melting diffi- 
culties. 

Our decision to use 315/330 kv was based 
not only on the results of the general study 
described in this paper but also upon various 
other important considerations outlined in 
the paper previously mentioned. Radio in- 
fluence, sleet melting, and the economics of 
double-circuit construction entered heavily 
into this decision. 

Mr. Watchorn is quite right in pointing 
out that a strictly correct economic com- 
parison of different transmission voltages 
should be based upon the actual job to be 
done in increased transmission loading from 
year to year, rather than upon the capability 
of lines at various voltages, since the full 
capability may not be used. Failure to 
study the future transmission economics on 
this basis would be particularly erroneous if 
annual load growth were as small as 5 per 
cent and if the present transmission system 
can be considered fully adequate for present 
loads and required only small increments of 
capability to take care of the load increases 
immediately ahead. 

On the American Gas and Electric Com- 
pany System, however, the annual growth 
of load has exceeded 5 per cent, even on a 
long-term basis. In recent years the aver- 
age growth has been far greater than this, 
the annual peak having increased from 
900,000 kw in 1939 to almost 2,400,000 kw 
in 1950. The effect of this is not only to in- 
crease the average annual increments of 
transmission required but also to bring 
about a condition of loading on the present 
transmission system which is excessive from 
a loss standpoint and which brings about 
the need for a relatively large increase in 
transmission capability in one step, such as 
that which will be provided by the initiation 
of the projected extra high-voltage system. 

Also, as to the present worth of future 
savings and the merits of an alternative plan 
of making less expensive transmission addi- 
tions as required at lower voltage—perhaps 
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at the existing system voltage—I should 
like to point out again some of the difficul- 
ties involved in expanding the lower-voltage 
system to keep pace with increases in gen- 
eration and system load and to maintain the 
necessary flexibility in system operation. 
In the middle twenties a modern highly 
efficient up-to-date plant contained 40,000- 
kw units and this capacity was nearly com- 
mensurate with the surge-impedance load- 
ing of a 132-kv line. Today with 150,000- 
kw units in operation and four 200,000-kw 
units under construction on the American 
Gas and Electric Company System, it is ob- 
vious that a multiplicity of 132-kv circuits 
will be required to maintain the necessary 
flexibility of operation just to take care of 
normal operating procedures, such as main- 
tenance outages of units, not to mention 
system emergencies and interconnection 
schedules. The problem of obtaining rights- 
of-way for the number of such circuits 
which the future system would require is 
certain to be_a difficult one, as pointed out 
by the authors. 

Mr. Watchorn’s suggestion that savings 
in transmission requirements may be ob- 
tained by locating generating stations closer 


. together and nearer the load centers is a 


good one and certainly has not been over- 
looked in our studies. There are limitations, 
of course, from the standpoint of both avail- 
ability and cost of fuel and availability of 
adequate condensing water, although the 
use of spray ponds or cooling towers is not 
regarded as necessarily prohibitive. How- 
ever, even though transmission costs may 
be reduced in this manner, it is still believed 
to be a fact that the transmission voltage 
that was adequate in 1920 and for some 
years thereafter has become hopelessly in- 
adequate as a tool for taking care of the 
much greater loads and generator units that 
are coming on today and will increase even 
further in the years ahead. 

Comments by S. B. Griscom, who con- 
tributed materially to the preparation of 
this paper, are greatly appreciated. While 
the line loadings given in Figure 1 are close 
to the limit that can be realized with un- 
compensated lines, Mr. Griscom voices a 
welcome note of optimism that radio in- 
fluence may become a lesser rather than a 
greater limitation in the future. 
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An Engineering Approach to Control 


Room Lighting 
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ODERN control rooms in utility 
M and industrial power stations are 
nerve centers of multi-mnillion-dollar oper- 
ations, Like all other engineering proj- 
ects, lighting for these important work 
areas can be provided in various ways de- 
pending upon what limits are assigned the 
task, There is no single method to cor- 
rectly illuminate a control room based on 
lighting standards alone. The search for 
a reasonable solution, therefore, suggests 
a study of the fundamental requirements 
affecting the problem, and a determina- 
tion of how best to use the many available 
new light sources, In essence, the prob- 
lem synthesizes into the following objec- 
lives; 

1, The provision of a lighting system con- 
sistent with the operators’ visual tasks to 
help them perform their important job effi- 
ciently, 
2. Refinements in the lighting 
should be economically reasonable. 


system 


The cost of lighting is often placed in 
the background on the premise that the 
portion spent for this item of the power 
plant entity is very small, Much effort, 
however, is expended in making a selec- 
tion from different types of available 
apparatus, different types of 
usable protective schemes, and so forth, 
in order to assure the maximum economi- 
cal advantage from available ways to per- 
form the required job, This method of 
approach assumes that any part of an 
engineering project should stand on its 
own feet, each problem to be solved in 
the most economical manner, 


auniliary 


It, there- 
fore, seems reasonable not to discount 
the cost of a lighting system because, 
should all small contributions be so 
treated, the total would not represent the 
most economical solution, nor would it be 
necessarily the most efficient. It is with 
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this philosophy in mind that the control 
room lighting problem was approached. 


Several Solutions Possible 


Before the advent of fluorescent lamps, 
power plant control rooms utilized all 
recognized forms of incandescent lighting 
The many advantages of 
fluorescent lamps gradually have made 
them the preferred sources for control 
rooms, especially in the following sys- 
tems: 


systems, 


1, Luminous ceiling systems 
a. Indirectly lighted ceiling 
b. Louvered ceiling 
c. Solid luminous ceiling 


2. Direct systems 
a. Ordinary: flush troffers 
louvered, glass panel, and lens) 
b. Special: ordinary troffers in a speci 
ally designed ceiling 


(open, 


The relative advantages and disad- 
vantages of each system are not unknown 
to engineers today, but a short review 
may be appropriate to complete the 
story, Table I compares the major 
advantages and disadvantages of these 
systems in a general way. A review of 
the tabulated factors indicates that the 
luminous ceiling systems minimize shad- 
ows on the instrument boards, whereas 
the ordinary direct system would tend 
toward harsher shadows. The latter 
system, however, projects light more 
efficiently upon specific working surfaces. 
Special direct systems possess the latter 
advantage and, in addition, can be de- 
signed to make shadows negligible. 


Fundamentals Stated 


In analyzing the control room lighting 
problem one observes that its require- 
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ments are more particular than most 
general lighting projects. For instance, 
the illumination on the horizontal plane is 
secondary in importance to that on the 
vertical plane. The matter of specular 
reflection from the vertical plane gives 
more concern than in most other lighting 
problems. Direct and reflected glare, as 
well as brightness contrasts, require care- 
ful attention. We conclude, therefore, 
that to effectively and economically il- 
luminate a control room the following 
major fundamentals must be observed. 


1. Vertical illumination on the instrument 
board should be adequate for quick com- 
fortable visibility of the many relatively 
small scales within glass-faced instruments. 


2. The illumination on the vertical plane 
should be reasonably diffused to minimize 
shadows on instrument scales. 


3. The light sources must not present them- 
selves as images of specular or veiling glare 
in the glass faces of instruments from opera- 
tors’ usual working positions. 


4. The light sources must not present 
themselves as brightness areas in competi- 
tion with the object being observed, namely, 
the instrument scales. 


5. The brightness contrasts between various 
surfaces in the operators’ normal fields of 
view should not cause their visual surround- 
ing to be uncomfortable. 


6. The degree of perfection obtained in 
each category should be balanced by the 
actual cost of each incremental gain. 


If one studies this problem objectively, 
it also will be realized that since, from the 
visual standpoint, the operators are the 
principal parties affected in the matter, 
their likes and dislikes should be given 
some, if not prime, consideration. These 
men are no less diverse in their prefer- 
ences than illuminating engineers, which 
makes for a more interesting problem and 
also lends weight to the hypothesis that 
there is no one way to light a control 
room. Some operators prefer a stagelike 
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effect wherein the vertical instrument 
boards are illuminated as the funda- 
mental points of interest and the general 
room area in which the chief operator’s 
desk is located receives a subdued lighting 
level. This philosophy introduces a sub- 
ject containing much argumentative ma- 
terial. Exponents of quality lighting 
would object to the extreme of such a 
solution’as not conforming to ideal bright- 
ness ratios. Others would say that, if the 
brightness ratios around the room ap- 


proached the recommended minimum, — 


operators should not be inclined toward a 
subdued general lighting effect. Let it be 
considered, however, that a_ stagelike 
effect has the major advantage of un- 
consciously drawing the operator’s atten- 
tion to the control board and that an 
appreciable number of operators seem to 
prefer such atmosphere. 

From these observations, it is believed 
that the central portion of the operating 
room can in most cases be satisfactorily 
illuminated to a relatively low level, per- 
haps in the order of 15 to 20 foot-candles. 
Any higher illumination level appears to 
be unnecessary for the visual task and 
need not be the criterion on which the 
over-all lighting system is selected. If it 
is assumed that the reflection factor of the 
horizontal working area is about equal to 
that of the vertical board surface, then 
20 foot-candles on this surface seems rea- 
sonable and has been found adequate. 


Visual Task Defined 


Before attempting a solution to this 
problem it would be well to define the 
visual tasks involved. A modern operat- 
ing room is the heart of a power plant, 
which today leans toward centralized 
control, where most major operations re- 
quired to run the massive turbogenera- 


tors, their associated boilers, and numer- 
ous auxiliary apparatus are remotely con- 
trolled by a relatively small number of 
operators. These men are located in the 
control room, which many times is com- 
pletely out of sight of apparatus being 
controlled. Their visual tasks, therefore, 
are as follows: 


1. From a centrally located desk (approxi- 
mately 10 feet from the board face) the chief 
operator should be able to see, quickly and 
without visual discomfort, the entire control 
board with its many glass-faced instruments. 
Of primary importance is his ability to 
observe casually the relative position of the 
indicating pointer with respect to the ex- 
tremities of the scale. Many of these in- 
struments are small making the scale mark- 
ings hardly perceptible in the total field of 
view at any appreciable distance. On the 
desk the seeing task may be classified as 
ordinary. The work involves discrimina- 
tion of moderately fine detail and is per- 
formed at intermittent periods of time. 


2. From a position adjacent to the board, 
at approximately arm’s length away, the 
control operator should be able to read 
clearly indicated readings of instruments. 
Specular reflections or excessive brightness 
contrasts in these areas of vision must be 


_ turbogenerators, 


Figure 1. Philo control room 


reduced to a minimum. For the critical 
portion of the operation, namely, that con- 
cerned with starting up and shutting down 
especially during emer- 
gency situations, it is of sufficient importance 
that the position of the pointer be seen in 
relation to the scale extremities. Under 
stable conditions, when refinements of oper- 
ation are being obtained, the operators can 
choose more favorable positions from which 
to observe particular instruments and 
then return to the control position, if remote 
from instrument, to effect any required 
adjustment. 


Developed Solution 


The matter of control room lighting was 
first studied qualitatively. Thought on 
the matter suggested that if the funda- 
mental requirements were satisfied in 
their relative order of importance, the 
solution should meet good lighting stand- 
ards. Such a solution also should be rela- 
tively inexpensive compared to other sys- 
tems which may achieve only minor gains 
through their spectacular elaboration. 


Table |. General Characteristics of Control! Room Lighting Systems 
1" ¥ - paar 
Luminous Ceilings Direct with 
Factor Considered Indirect Louvered Solid Dropped Ceiling Remarks 

Uniform horizontal illumination... .. Fexcellentyiuain scan bs oe excellemtey. wis sede ofeb en bxcellent, vapicseeniieh a GOOG iecs.y ccc . A requirement only on 
operator's desk 

Uniform vertical illumination.,...... Good 5... eee oe Goods iis.5 COO iin Seta se aad Goode saci eerenPrsah ens A requirement especi- 
ally in the upper half 
of the control board 

Low fixture brightness.............. oxcellentire ie rie. efealt's « Good Good Good are Desirable 

Low ceiling brightness.............. aie em scatentertrs eterna Good Good Good A Desirable ; 

Ceiling height required............. BS OIGs8) A wahond cites Cacia ER chin irteenateitac.e cane ea terene pe ide emai thd ORME CO Low .. Lower ceilings reduce 


Ceiling specularly reflected from... 
instruments 


_ Fixtures specularly reflected from... 


.The higher the illu-... 


mination level the 
more reflection 


.Can be made negli-.... 


.The Jess evenly lumi-... 


nous the more reflec- 
tion 


Can be made negligible... 


traces from solid sup- 
ports 


.Same as louvered plus..., Negligible in most... 


.Can be made negligible... 


directions 


plant cost 


.Should be negligible 


. Can be made negli-... .Should be negligible 


instruments gible with diffi- with difficulty with difficulty gible easily 
; culty 
BUBIAUIVECOSL. 60.1)... 2.0.50. 5sceeeee Lowe saacn wastewvins Ishq hepaaBnoncnE aan aun en AS6Feeoamotidn oo out: COW ieooeriaieiart eset We Should be low 
hadows, instrument scales and....Negligible....... . JNegligible.. success canes Negligible: Alene) «=< ten Negligible... 0is6s 4 sie Harsh shadows unde- 
boards sirable ; 
Bes bre reiupienstiet ava tate sueaterers EWES eevee a ory Geo, 8l si taken NOOSE PARE) POR POREEC Ci 0 IN Crates airavai aiivvelalrarns ai Should not be in field 


~ Source in field of view.............. 


of view 
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Twin Branch Number 5 control 
room 


Figure 2. 


The first fundamental requirements, 
the provision of illumination on the verti- 
cal plane, limits the position of the light 
sources with respect to the major plane 
of reference. These lights should be as 
close to the control board as practicable 
to illuminate it adequately with the least 
expenditure for the source. Of course, 
even though the horizontal plane is of 
secondary importance, it requires suffi- 
cient illumination to help the opetator 
tabulate instrument data and read oper- 
ating instructions. Such illumination 
also helps reduce excessive brightness 
contrasts between the horizontal and 
vertical working planes. Thus, the prob- 
lem resolves itself into two parts: 


1, The provision of light sources to illu- 
minate the vertical plane efficiently and 
economically with diffuse light. 


2. The provision of light sources to illu- 
minate the general area efficiently. 


One source to do both jobs is, of course, 
possible. Such systems have been re- 
ported by H. F. Carroll and W. B. 
Morton,! as well as A. A. Brainerd and 
G. C. Salneu.? The former utilize a 
luminous ceiling of the louvered type, and 
the latter utilize a luminous ceiling of the 
total sheet plastic variety. Technical 
literature records the advantages and dis- 
advantages of these modern lighting tech- 
niques, Luminous ceilings tend to pro- 
duce a general surrounding which inher- 
ently characterizes luminosity throughout 
the room, not the seemingly desirable 
effect of a more highly illuminated board 
to attract and help focus the operator's 
eyes, 

The second premise calls for all light 
sources to be so positioned as to prevent 
specular reflection toward the operators’ 
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usual fields of view. To accomplish this, 
various degrees of refinement are possible. 
The simplest solution would be to position 
the board lights so that for the operators’ 
two active positions the specularly re- 
flected images of the light sources would 
fall toward the floor out of the fields of 
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view. This source also should be diffused 
in order to minimize harsh shadows on 
instrument scales and boards. The 
source should be low in brightness if it is 
in the field of view of the operators. 


Board Lighting Sources 


Following this line of reasoning a prac- 
ticable solution would be to arrange the | 
board lighting units to follow the contour 
of the actual control board and in a posi- 
tion relative to it which would direct the 
specular reflection toward the floor. By 
obeying the law of specular reflection, 
this is accomplished, for example, at the 
Philo Plant Control Room of The Ohio 
Power Company (see Figure 1). Of 
course, this solution does not exclude the 
light sources from the field of view of the 
operators, nor is it as effective in eliminat- 
ing shadows as would be a larger source, 
such as a luminous ceiling, 


Figure 3. Twin Branch Number 5 control 
room, study of direct and reflected light 
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Figure 4. Philip Sporn Control Room Units Number 1 and Number 2, normal lighting 


Figure 5. Philip Sporn Control Room Units Number 1 and Number 2, emergency lighting 


The elimination of the light source from 
the field of view of the operator can be 
accomplished by the following methods: 


1. The utilization of shields which would 
suspend below the ceiling a sufficient amount 
to hide the fixtures. 


2. The utilization of a suitable ceiling con- 
tour provided that its use does not incur 
excessive ceiling construction cost rightfully 
chargeable to the lighting system. 


¢ 
To appraise the effectiveness of the 
latter method, an installation was made 
which allowed the ceiling to drop in the 
center portion of the room by approxi- 
mately six inches, enough to hide the 


fixture from the operators’ seated posi- 
tion at the desk. This system was utilized 
in the control room at the Suburban Plant 
of The Scranton Electric Company. 

The desirable effect and the satisfac- 
tory comments from operators proved to 
be a stimulus, and, as a result, simple 
unorthodox ceiling contours became no 
matter of concern, especially since the 
unorthodox ceiling did not cost any more 
than a standard flat one. The next logical 
step, therefore, was not only to utilize the 
vertical surface of the dropped ceiling to 
hide the light sources, but also to cause it 
to become part of a light-reflecting scheme 


Table Il 


Candles per 


Brightness Ratio of 
Adjacent Surfaces 
Surface Ratio 


Surface Square Inch 
Acoustical ceiling above cubicle (a)...........-6+ aces 00e 
Tile wall behind board cubicle (b) ........---+e000: DIOOSE Seni ance ab). sretneyee ae 2.05 
Vertical surface of board (8 feet above floor) (c)......-0.017 ......++e00+ bevalchweirtants 5.0 
Vertical surface of board (4 feet above floor) (d)....... ONO 2 eras tctava + oreie Colinas baokiond 1.4 
Illuminated air-flow indicator (e).......+.02e+eeeeeee (hale 48% Beenie des: veveneentes 13 
O00 ranges cei. Ci Pamcbog sce an 160 


Black frames of instruments (f).........-+00e00ee0: 
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and thus introduce additional diffused 
illumination on the vertical board at an 
angle slightly different than from the 
light source. This involved a simple de- 
sign, as illustrated in Figure 2, which 
shows the lighting system in the Unit 
No. 5 control room at the Twin Branch 
Plant of The Indiana & Michigan Elec- 
tric Company. In this scheme the por- 
tion of the ceiling toward the walls also 
was lowered so as to camouflage the 
dropped center section, thus giving the 
illusion of a smaller drop than actually 
utilized. The proportions and relative 
position of the fixtures in the depressed 
section were chosen as shown in Figure 3 
so as to obtain the maximum lumens on 
the board directly from the fixtures and 
also those reflected from the vertical face 
of the dropped ceiling. This general 
scheme proved to be satisfactory and has 
been utilized also in the Tidd No. 2 control 
room of The Ohio Power Company and 
the Philip Sporn Plant control room 
owned by the Appalachian Electric Power 
Company and The Ohio Power Company 
(Figure 4). 


General Area Lighting Source 


This phase of the problem deals with 
the provision of adequate horizontal 
illumination on the operators’ desk and 
floor area in the center portion of the 
room. An important factor which should 
not be overlooked is that this source also 
must not be specularly reflected from in- 
struments on the vertical board into the 
operators’ principal fields of view. To 
accomplish this perfectly would involve 
an unnecessarily elaborate system. In- 
direct systems do not achieve the desired 
result entirely because the ceiling of 
necessity has to be illuminated to a rela- 
tively high level. Unless it is properly 
contoured its brightness would be ob- 
served in the instrument faces as a veiling 
annoyance. Other luminous ceilings have 
the same tendency. Suspended fixtures 
themselves become the objects that are 
reflected from the instruments either as 
luminous objects against dark back- 
grounds or dark objects against light 
backgrounds. A compromise solution, 
therefore, seemed to be the use of low 
brightness troffer fixtures so positioned 
that their effect in this matter is small. 
The use of 7-17 40-watt low brightness 
lamps in parabolic troffer fixtures results 
in a solution shown in Figure 4, The lat- 
ter has the additional refinement of 
utilizing the ceiling contour to shield 
totally the general lighting fixtures close 
to the board. Those further away do not 
present a serious problem because the 
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vision 


Pro 
also is made to test these sources periodi- 


so that they are normally out and 
tched automatically to the Station © 
The emergency lights are strategi- 


cally placed around the control room 
and are integrated with the general board 


Figure 5 shows the 


illumination result in the Philip Sporn 
Plant control room for a hypothetical 


This picture was 


taken with only the incandescent emer- — 
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Results 


The systems described previously have 
been found entirely adequate and have 
been accepted by operators with favorable 
comments. The boards receive a main- 
tained vertical illumination of 22 foot- 
candles at the top and 7 foot-candles near 
the bottom. The measured levels are 
illustrated in Figure 6 for the Twin 
Branch No. 5 control room. Typical 
brightness values for this room are shown 
in Table IT. 

Table III shows pertinent data for 
the three control rooms thus far com- 
pleted, which utilize the direct lighting 
system supplemented with drop ceiling 
design. 

It will be noted that the cost of 
lighting fixtures for these systems aver- 
ages $0.453 per square foot. 


Conclusions 


In the foregoing, an effort has been 
made to set forth major considerations 
that enter the design of a satisfactory, 
modern control room lighting system. 
As indicated herein, there are many pos- 
sible solutions, each with its own merits 
based on specialized requirements. This 
paper considers in detail the direct light- 
ing system using commercially available 
troffers in conjunction with a special, but 
not difficult to construct, ceiling design. 
It is believed that this simple and direct 
approach accomplishes a good lighting 
job for a very special problem in a very 
economical manner. 

One point of constant annoyance to the 
illumination engineer centers around the 
poor reflection characteristics of the en- 
closing frames which instrument manu- 
facturers have insisted on supplying. 
Until recently, these frames were only 
available in black, which results in ex- 
treme brightness contrast between the 
frames and meter scales, as well as the 
surface of the board which is the back- 
ground. 1 

It is noted, however, that some manufac- 
turers recently have introduced instru- 
ment frames in pastel shades. This step 
is commendable and should be considered 


progressive by engineers involved with 
control room lighting problems. 
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Discussion 


Walter B. Morton (Pennsylvania Power and 
Light Company, Allentown, Pa.): The 
author has adequately covered an analysis 
of engineering planning of the dropped ceil- 
ing direct type of control room lighting 
design: The point is well made that 
extravagance should be avoided in lighting 
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design. This is a self-evident requisite for 
any engineering design whether lighting, 
switchboards, cables, feed pumps, or any 
other item in the plant. 

Admittedly the type of lighting described 
in the paper can be designed and installed at 
lower cost than the more modern luminous 
ceiling designs. However, the author’s 
claim for equal or greater effectiveness with 
the dropped ceiling than obtained with some 
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form of luminous ceiling is questioned by 
many engineers who have designed both 
types of systems and have made compari- 
sons by means of mock-ups. 

Basically, the lighting of a control room 
should provide adequate illumination on 
instrument scales, and in addition, should 
provide maximum eye comfort for the 
working personnel. Experiments over many 
years have convinced many engineers that 
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while satisfactory intensities can be pro- 
vided on scales of instruments with either 
* direct or luminous ceiling types of light 
sources, maximum in eye comfort and visual 
acuity can be achieved only when: 
1. There is a minimum of brightness dif- 
ference throughout the room, without any 
major bright sources in the field of vision. 
2. There is a minimum of shadow on the 
scales of instruments or nameplates below 
projections on the board. 
3. There is minimum of brightness reflec- 
tion or veiling glare in the glass covers of 
instruments. 

Mock-ups made by engineers of several 
utilities have indicated to them that the 
luminous ceiling type of light source most 
adequately provides for realizing these basic 
requirements. 

The author’s comments on finish of 
switchboard instrument frames is timely. 
The Pennsylvania Power and Light Com- 
pany has conducted experiments with 
colored instrument frames in one of its 
large substation control rooms. One 7-panel 
section of a new 40-foot control switchboard 
has been equipped with colored instrument 
frames using seven primary and two addi- 
tional colors. The results are not yet com- 
plete, but a preliminary trial of these colors 
indicates that bright and varied colors for 
switchboard devices tend to facilitate ac- 
curate reading of instruments and also 
materially improve the appearance and 
atmosphere of the control room. 

In Table I, the author lists several dis- 
advantages of the luminous ceiling design 
to which I would take exception. Under 
ceiling height required, he lists ‘“‘high’”’ for 
the louvered ceiling design. Actually, in 
the Sunbury Station control room of Penn- 
sylvania Power and Light Company, the 
first of many louver ceiling control room 
lighting installations that now are in service 
over the country, the ceiling height is only 
9 feet 6 inches. Direct glare and reflection 
in instruments are negligible and are not 
“obtained with difficulty,” as stated in the 
paper. 

An important advantage of the louver 
ceiling is that ventilating or air conditioning 
ducts can be so located above the ceiling 
with multioutlets that provide very low 
velocity diffused ventilating air. This not 
only improves ventilation, but materially 
reduces cleaning problems. Time between 
cleaning of louver ceilings at Sunbury has 
been extended to more than one year. 

It is seriously questioned whether shadows 
on instrument scales and devices can be 
considered negligible with any direct type 
of switchboard lighting scheme as indicated 
in the table. In any direct scheme, the 
light sources must be placed close to the 
board to maintain an angle of incidence that 
will eliminate direct glare in the glass fronts 
of the instruments. This in itself forces the 
designer to locate his light sources so close 
to the switchboard that shadows must result 
from the low angle with which the light 
strikes the instrument, unless the instru- 
ments are specially designed. 

An important premise in switchboard 
illumination is that if the intensity of light 
on the scale of the instrument is greater than 
the intensity of the image reflected in the 
glass front, no interference with reading of 
scales will exist. The direct scheme ac- 
complishes this with high concentration of 
light on the scales requiring an angle of 
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incidence that produces shadows on the 
scales. The luminous ceiling design ac- 
complishes the result with uniform light 
source that minimizes reflections by elimi- 
nating patterns, and lighting all areas 
equally. 

An important disadvantage of the direct 
system described by the author is that direct 
units must be placed in the dropped ceiling 
area for desk and general illumination. 
There is no practical method of eliminating 
direct glare in instruments from these light 
sources. This veiling glare appears to be 
quite noticeable in the instruments on the 
switchboard shown in Figure 2. 

It also is noted in Figure 2 that the indi- 
cating instruments have dark scales with 
white lettering. Experiments over many 
years have convinced the Illuminating Engi- 
neering Society (IES) Committees and ASA- 
AIEE Switchboard Instrument Committees 
that white scales with black letters are 
best for visual acuity and quick reading 
of scales. A mock-up with the two types 
side by side usually is surprisingly con- 
vineing of this fact. 

While the paper does not specify the 
author’s recommended illumination levels 
for control rooms, the inference to be drawn 
is that he considers 7 to 25 foot-candle 
vertical illumination entirely adequate. To 
this I cannot subscribe, and although data 
on which to base such recommendations are 
largely empirical, the levels recommended 
by the IES are much higher. Their recom- 
mended values are based on findings of 
many lighting engineers, and on certain 
experiments conducted two years ago at 
Nela Park. 


Arthur A. Brainerd (Philadelphia Electric 
Company, Philadelphia, Pa.): I am glad 
that Mr. Dzwonczyk has used the expres- 
sion “An” Engineering Approach rather 
than ‘The’. It serves to emphasize the 
fact that engineering is an art as well as a 
science. The author has described a very 
satisfactory method of lighting control 
rooms, but I am sure that he will agree with 
me that he is not in a position to say that 
it is the best, since there is seldom one best 
solution to any engineering problem. 

As an individual I agree with the author 
that 20 foot-candles on the vertical plane of 
the board is adequate. As Chairman of the 
IES Committee on Lighting of Central 
Station Properties, I am forced to agree 
with the overwhelming majority of the com- 
mittee members that this value should be 
much higher. Society standards are 
achieved by the democratic method. 

The use of judging charts is not new. 
We in Philadelphia have used this system for 
many years. For example, referring to 
Table I, let us consider the solid luminous 
ceiling with which I have had considerable 
experience. The rating for Uniform Vertical 
Illumination is “Good.” Why not “Excel- 
lent’? The same goes for ceiling bright- 
ness and fixture brightness. What is his 
basis of comparison? 

Again, he states that the ceiling reflected 
in the instruments is the ‘same as louvered 
plus traces of solid supports.” This state- 
ment is highly misleading. The reflection of 
the ceiling is definitely not a disturbing 
factor. He next states that fixture reflec- 
tion from instruments ‘“‘can be made negli- 
gible with difficulty.” After 18-months oper- 
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ation with an installation of this character 
we have not been able to detect any jdraw- 
back of this nature. 

In his last item he states that the source 
of light ‘‘should not be in the field of view.” 
For a primary source he may be right, but 
I find no scientific evidence to justify this 
statement concerning a secondary source. 

This sort of critical analysis might go on 
indefinitely and at the end Mr. Dzwonczyk 
would continue to recommend the dropped 
ceiling, and I would still stick to luminous 
plastic or luminous indirect. 
engineers is influenced by our cumulative 
experience and environment. Variety is one 
of the things that make engineering an 
interesting occupation. 


G. J. Taylor (Day-Brite Lighting, Inc., 
New York, N. Y.): The premise expressed 
by the author that “there is no single method 
to correctly illuminate a control room based 
on lighting standards alone’’ is well taken 
but the conception is not restricted to con- 
trol room lighting. Most of our lighting 
problems involving people for the specific 
purpose of seeing falls into this category of 
reasoning. Nevertheless, seeing, as associ- 
ated with the comfort of workers, is the 
result of certain environmental conditions in 
any room. Comfortable seeing is accom- 
plished when illumination levels are ade- 
quate and brightnesses properly balanced. 

The psychological aspects of human be- 
havior are appreciated and the likes and 
dislikes of people should be given some con- 
sideration. The author is a little doubtful 
on this point in stating “. . . if not prime 
consideration.’’ It would be better to say 
“. . but not prime consideration,” for the 
art of lighting has advanced to the point 
where it is known that engineered illumina- 
tion provides a high degree of visibility at 
comfortable ranges. Individual opinions 
are to be respected but they do not always 
provide the best solutions for specific 
lighting jobs when thousands of people are 
involved in similar seeing tasks. It may be 
true that a stage-like lighting effect uncon- 
sciously draws the operator’s attention to 
the control boards. Yet, such conditions 
where operators work day in and day out 
for years on end results in a fatiguing action 
unconsciously brought about by eye strain. 
You would not want to work in a room like 
shown in Figure 5 for long periods of time. 
The setting is typical stage-like but, as 
indicated, serves only for “emergency 
lighting.” 

The author’s approach to “one” solution 
of control room lighting is indeed a good 
one. He offers a lighting system that is not 
only utilitarian in its application and func- 
tional but economical as well. Not that 
economy should be placed high on the list 
(comfort of vision takes that honor) but 
when it is attainable with satisfactory 
lighting as presented by the author the 
thought is commendable. 

There are other elements of human com- 


fort which are used in the jobs described | 
All these — 
elements are of significant importance and | 
have a definite bearing upon visual effi- — 
ciency and over-all operating efficiency in — 


but not stressed by the author. 


accomplishing the job to be done. 
elements of importance are: 


These 


Good lighting—for ease in seeing 
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Light equipment—for reduced contrasts 

Light surrounds—for comfort of vision 

Sound proofing—for aid in concentration 

Air-conditioning—for combating discom- 
fort due to heat 


In spite of the fact that the paper classi- 


fies seeing tasks as “‘ordinary” in control: 


rooms, the levels of illumination above those 
recommended should be considered. Other- 
wise, the excellent features explained in 
dropping the ceiling along the perimeter of 
control boards and low brightness fluorescent 
lamps over centrally located operators’ 
desks together with good over-all light 
colored surrounds in the room the general 
environment approaches the ideal. Con- 
sidering the important elements cited 
above it seems logical to propose higher 
levels of illumination. This is particularly 
true today because fluorescent lamps have 
high efficiencies in light output. A well- 
lighted room is conducive to increasing the 
tempo and well-being of operators—it is 
refreshing, like a cool soft drink on a hot 
summer day. 

In Table II of the paper the following 
brightness ratios prevail: 


Surface of board to ceiling.............. 2.43 to 1 
Illuminated indicator to surface of board.. 9.4 to 1 
Surface of board to instrument frames.... 17 to 1 
Illuminated indicator to ceiling.......... 22.9 tol 
Illuminated indicator to instrument 

CUTE) 5 of, tg ee 160 to 1 


The brightnesses are well controlled and 
within the accepted range for visual com- 
fort at normal fields of view. The excep- 
tion is with the black frames of instruments. 
The author recognizes this shortcoming and 
comments on it interestingly in the con- 
cluding paragraph of his paper. 

A few brief comments on some of the 
tables and illustrations presented in the 
paper may be of interest: 

1. Table III. The high reflectances of 
“surface colors’? are commendable. Para- 
bolic aluminum troffers provide low side 
brightness when viewed crosswise for center 
room lighting. Low brightness 7-17 fluores- 
cent lamps or the new 7-12 Slimline lamps 
cperating at 200 m.a. (not mentioned) are 
cesirable. 

2. Figure 1. Equipment finishes poor. 
Should have higher reflectance for best 
seeing conditions. 

3. Figure 2. General conditions of 
over-all room excellent. Instrument frames 
too dark. 

4, Figure 3. Indicates use of parabolic 
aluminum troffer with reasonable concentra- 
tion of light. May also be accomplished 
with certain prismatic lens plates. The 
vertical surface immediately below the 
troffer (not shown) at right (in sketch) 
should be aluminum (preferably specular) 
for best results in redirecting light rays. 

5. Figures 4 and 5. An amazing study 
in the importance of light colored room 
finishes and proper distribution of light. 
For highest comfort brightness engineering 
is indeed a factor of great importance. 

The thoroughness in which the various 
engineering aspects of control room lighting 
were studied and presented in this paper is 
note worthy. Specific problem analysis of 
this nature is the means toward a better 
understanding of applied illumination and 
- the ultimate provision of good light for 
good sight and human comfort. © 
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H. E. D’Andrade (General Electric Com- 
pany, New York, N. Y.): It has been well 
stated by Mr. Dzwonczyk that there are 
several possible solutions to the problem of 
control room lighting. This is not only 
true of methods and techniques, but also of 
foot-candle levels. Only thus can we under- 
stand the difference between two schools of 
thought: namely the 20 foot-candles for 
vertical surfaces found adequate by Mr. 
Dzwonczyk, and the 50 (vertical) foot- 
candles for the type A control room recom- 
mended in the new report of the IES Com- 
mittee on Lighting of Central Station 
Properties. 


It would seem that the Type A control 
room is the point of difference. Actually, 
the IES recognizes a Type B control room, 
for which it recommends 30 (vertical) foot- 
candles. This is not a wide divergence from 
the 20 foot-candles found adequate by Mr. 
Dzwonczyk. At present the Type A con- 
trol room of the IES Committee seems be- 
yond the scope of most utilities, since their 
control rooms more nearly meet the require- 
ments of the ‘‘visual task’’ defined by the 
author, 


Mr. Dzwonczyk also deserves high praise 
for his statement that ‘“‘The operators are 
the principal parties affected in the matter’ 
and that they should be given “‘some if not 
prime, consideration.” 


My experience confirms these remarks, 
inasmuch as I have found that most opera- 
tors prefer a stage-like effect with the 
vertical boards high-lighted, so to speak, 
while the areas where they sit have a more 
subdued lighting level. In one very modern 
control room, an operator confessed to me 
that he changes the entire lighting system 
after ‘‘the boss”’ leaves the room, controlling 
the system by switches to produce just this 
stage-lighting effect—the opposite, indeed, 
of the effect sought by the designers. In 
many other stations I have found that 
operators turn half the lights off, and will 
confess this only to someone who will not 
tell the story to the “higher-ups.’’ It seems 
to me, therefore, that illuminating engineers 
should be factual to that extent, and recog- 
nize that the “stage-lighting’ effect is 
legitimate, and perhaps more comfortable. 

If another opinion from the point-of- 
view of the control room operators is per- 
missible, it may be added that many opera- 
tors consider that a lighting system may be 
good from the point of view of their supe- 
riors, but “‘spoilt” for the operators by glar- 
ing light sources over the board. Such 
sources should always be concealed, and 
even “recessing”’ often proves unsatisfac- 
tory. Momentary inspection by a group of 
executives cannot uncover this fault. Only 
operators who “live” with the system feel 
such defects, which are apparent only after 
a lapse of time, or after habitual work in the 
room. 

The author of the paper is also to be 
complimented for his use of the 717 40-watt 
low brightness lamps, which have a bright- 
ness lower than many glass, or plastic- 
paneled luminaires with standard 40-watt 
T12 lamps. In short, the author’s paper 
indicates that he has experience and engi- 
neering knowledge, and that he has com- 
bined both to produce satisfactory results 
which should benefit others who are respon- 
sible for the design of lighting in control 
rooms. ; 
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D. J. O’Neill (Holophane Company, Inc., 
New York, N. Y.): The simplest and most 
direct way to discuss this paper on control 
room lighting will be found in the author’s 
approach to the general subject. All plus, 
or favorable factors are considered; next, 
some of the unfavorable aspects are re- 
viewed; finally, conclusions are drawn after 
due consideration of the plus and minus 
sides of the problem. 

Experience in original design and inspec- 
tion of completed installations must have 
prompted the author to declare the logical 
and practical solutions to problems in con- 
trol room lighting can be found in providing 
adequate illumination on the principal 
working planes—the vertical surfaces of the 
boards themselves, or, in the case of bench 
boards, vertical planes, and adjacent in- 
clined planes. This thesis differs from the 
rather widespread advocacy of lighting sys- 
tems which produce high levels of horizontal 
illumination for the entire control room and 
depend on a by-product of this considerable 
flux in the 0 to 65 degree zone to provide 
sufficient illumination on the principal work 
planes noted above. It is noteworthy that 
the author favors no particular lighting sys- 
tem but includes two general systems with 
appropriate comments regarding the limita~- 
tions of the systems. 

Several questions are raised as the result 
of reviewing the illustrations in the paper: 

Is the lighting installation, shown in 
Figure 1, of the Philo Control Room gen- 
erally satisfactory? Is it not a fact that the 
old type H Thompson meters with their 
curved window glasses pick up reflected 
images of every lighting unit on the opera- 
tors’ sides of the meters and in some posi- 
tions it is virtually impossible to read the 
meter scales? Is it not true that reverse 
coves, direct troffers, and Juminous ceilings, 
or any combinations of these systems will 
fail to overcome the defects in meter design? 

Can a lighting result becalculated for the 
type of installation illustrated in Figure 3, 
the Twin Branch Number 5 Control Room? 
If ceiling height, board height, and distance 
between board and lighting equipment are 
changed can the lighting results be pre- 
dicted or will estimates have to be made and 
checked after the installation is complete? 

Referring to the Philip Sporn Control 
Room shown in Figure 4. Does the author 
agree that improvements can be made in the 
case design of Bailey and other type re- 
cording meters? Should not the manufac- 
turers restudy these designs and perhaps 
offer as much improvement in the framing 
case and cover glass as has been produced 
recently by manufacturers of voltmeters, 
ammeters, and similar control board in- 
struments? 

What type of instrument was used to 
take readings of vertical illumination shown 
in Figure 6 of the Twin Branch Control 
Room? Does the author agree there is a 
definite need for a portable instrument that 
can be relied upon to register true values of 
vertical illumination? iH 

Finally, commenting on the final para- 
graph of this paper, has the author ob- 
served a control board on which meter 
frames have been painted to match the color 
of the board surface? Is it not likley that 
this condition of no distinction between indi- 
vidual meter frames would produce worse 
seeing conditions from the standpoint of 
location of meter scales arid ability to read 
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them than the condition of dark frames on 
instruments on a light color finished board? 


H. A. P. Langstaff (West Penn Power 
Company, Pittsburgh, Pa.): My one and 
only comment to the author’s very complete 
story is made from a maintenance point of 
view. Knowing the importance of control 
room lighting, its continuity and proper 
maintenance thereof, I have for the past 
several years stressed the importance of the 
elimination of obstructions and mainte- 
nance personnel in the control room as far 
as possible. It is my belief that practically 
all-of the maintenance work for control 
room lighting should be done from above 
the ceiling. Practically all recent designs 
include air ducts above the ceiling and their 
space requirements can be co-ordinated 
with the lighting unit installations such as 
were provided for the Mitchell Station 
control room of the West Penn Power 
Company. Plans and photographs of this 
installation have been included in descrip- 
tive periodicals in the Central Station 
Lighting Committee of IES. 


V. L. Dzwonczyk: The value of a technical 
paper is appreciably enhanced by honest 
and open discussions, such as have been 
advanced by Messrs. Brainerd, D’Andrade, 
Morton, Langstaff, O’Neill and Taylor, 
each a man of recognized experience with 
control room lighting problems. It is 
especially fortunate that comments were 
received from some members of the IES 
Committee on Central Station Lighting of 
which Mr. Brainerd is General Chairman. 
Mr. Morton is Chairman of the Subcom- 
mittee on Control Room Lighting. 

It would be a formidable task to answer 
each of the points raised during discussion. 
Many of them are adequately discussed by 
others. A review of the discussions indicate 


most interest in the following: recom- 
mended illumination levels; brightness 
contrast; instrument frames; and direct 


versus luminous systems. 

Mr. Morton indicates that the writer 
did not specify an illumination level he 
would recommend, although it is significant 
to note that Mr. Brainerd advanced the 
following as part of his discussion: 

“As an individual, I agree with the author 
that 20 foot-candles on the board is ade- 
quate. As Chairman of the IES Committee 
on Lighting of Central Station Properties; 
I am forced to agree with the overwhelming 
majority of members that this value should 
be much higher.’’ As Mr. Brainerd indi- 
cates, I do recommend 20 foot-candles on 
the vertical plane (66 inches above the 

floor) and 20 foot-candles on the horizontal 
plane. The IES Committee will recommend 
higher levels over my dissenting vote. In 
all fairness to the committee members, 
however, I believe their vote was influenced 
by considering a task more severe than what 
is found in a centralized control room. 

The following is my understanding of the 
basis on which tests were performed at 
Nela Park to arrive at the illumination 
value suggested by the committee, and I 
quote from the test report: 

“The visual task performed in control 
rooms, reading meters, is a particularly 
difficult one. This task can normally be 
divided into two parts: First, critical 
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reading of all meters at distances of about 
2 feet at intervals of approximately one 
hour; and second, approximate reading of 
all meters at distances between 10 and 20 
feet every few minutes. Since critical read- 
ings require only a few minutes each hour 
and are performed at relatively close dis- 
tances, this is apparently a less difficult 
visual task than that of the frequent ap- 
proximate readings at much longer dis- 
tances. 

It would be ideal if it were possible to 
determine the optimum illumination level 
for performing the control room tasks. 
However, at present the variables are too 
many and intangible to positively determine 
a universal optimum foot-candle level. 
The Luckiesh-Moss visibility meter can be 
used to determine the illumination required 
for threshold visibility of control room 
meters, as well as establish the foot-candles 
necessary to bring the meters up to the visi- 
bility as another predetermined task. 

Visibility measurements were taken under 
various conditions for the different visual 
tasks required. On the DB-15 meter, a 
4-inch meter with 30 point type, the visi- 
bility of the numerals as well as the angular 
position of two different needles, one 5/16- 
inch thick and the other 1/8-inch thick, was 
found at various distances. In steam plant 
gauges the visibility was measured for a 
more critical task, that of determining the 
angular position of the needle on a 2-inch 
meter, number 4D10216. 

Before a foot-candle recommendation can 
be made, it is necessary to agree upon the 
visibility level desired. A printed task, 
such as reading of the Reader’s Digest, con- 
sisting of 8-point Bodoni type held at 14- 
inches and illuminated to 50 foot-candles 
has a visibility of nine. It would appear 
that the visual task in control rooms should 
have a visibility at least this high. In 
choosing the visibility level to recommend, 
however, it is necessary to take into account 
the element of quality as well as quantity of 
illumination. Such factors as brightness 
contrasts within the entire visual field, the 
number of meters—and consequently the 
time involved performing each visual task, 
and the tolerances permissible in reading the 
meters, all affect the choice of the visibility 
level to be recommended.” 

I suggest that the following points in the 
above discussion represent a task that is 
more severe than found in modern central- 
ized control rooms: 

1. Approximate reading of all meters at 
distances between 10 and 20 feet every few 
minutes. The ability to see the relative 
position of the pointer, not to read the 
meter, at a distance of 10 feet would be a 
maximum seeing task. 

2. The selection of 2- and 4-inch instru- 
ments for visibility tests between 10 and 
20 feet. Any critical instruments that need 
be seen from such a distance as 10 feet 
should be at least 81/, inches in diameter. 

3. A seeing task such as reading the 
Reader’s Digest at 14 inches under 50 
foot-candles. 

If the test data is reviewed in light of the 
above suggestions it is believed that 20 
foot-candles becomes more nearly the 
reasonable illumination level than what the 
IES Committee recommends. Incidentally, 
it is also my understanding that the IES 
Quantity and Quality Committee, using 
other criteria on which to base its judgment, 
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recommended 20 foot-candles for the vertical 
and horizontal planes. 

The matter of brightness contra¢t could 
involve considerable discussion. Let us say 
that the luminous ceiling, if properly de- 
signed, does result in a more uniform bright- 
ness contrast throughout the room and 
that it approaches the ideal limits set for 
visual surroundings. Do these systems, 
however, provide surroundings appreciably 
better for control room operations, than 
other more efficient lighting systems, to 
warrant the cost, and to accept illumination 
levels considerably higher than required on 
the horizontal plane? I claim that from the 
standpoint of brightness ratios and shadows 
on instrument scales the direct lighting sys- 
tem can provide conditions sufficiently 
close to good practice. Mr. Taylor ap- 
parently agrees with this. He comments 
further, however, by stating that a stage- 
like effect is one which would not be con- 
ducive to good lighting because of improper 
brightness ratios. As an example let us 
refer to Figures 4 and 5, the latter of which 
shows the lighting effect under emergency 
conditions. The writer agrees whole- 
heartedly with Mr. Taylor that to work 
under the extreme conditions simulated by 
Figure 5 would be very bad. This subject. 
was especially introduced into the paper to 
bring out such comments as Mr. Taylor 
raised. It is significant, however, that there 
are many operators who, in spite of beimg 
provided with reasonably good lighting con- 
ditions, will resort to the practice of extin- 
guishing the lightsin the center portionof the 
room to achieve a subdued lighting effect. 
Mr. D’Andrade comments very admirably 
on this subject with considerable experience. 

Instrument manufacturers should take 
note of the many comments expressing the 
desire for instrument frames other than 
black. The writer has endeavored for 
many years to stimulate such an attitude 
and recently the first signs of progress be- 
came evident. In the Tanners Creek Plant, 
some electric instruments were purchased 
with frames finished in a grey color having 
a reflection factor approximately 20 per 
cent less than the board surface. This will 
give some framing effect to the instruments 
but not such an undesirable extreme as the 
black. Further tests are being conducted at 
this plant with other colors. Similar tests 
being conducted by Mr. Morton should reveal 
much needed data. It is our aim to equip 
the Kanawha River and Muskingum River 
Plant control rooms with instrument frames 
uniformly colored in some acceptable pastel 
shade. The above discussion should answer 
Mr. O’Neill’s question pertaining to this 
subject. It appears that he thought the 
writer was advocating the frames to be 
made the same as the panels, which condi- 
tion would destroy the desirable framing 
effect. 

To be a luminous ceiling enthusiast or not 
to be one requires many other influencing 
factors than just lighting consideration. 
Mr. Morton presents a discussion upholding 
the merits of the Louverall ceiling type of 
luminous ceiling. Mr. Brainerd could do 
the same for a solid luminous ceiling if he 
chose to do so. Apparently both men have 
made mock-up installations using various 
types of lighting systems in control rooms 
and have concluded that those methods 
realize their requirements most adequately. 
There seems to be nothing else that need 
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be said since both agree that luminous sys- 
tems cost more and that they are willing 
to spend an additional amount to obtain 
this form of lighting. Perhaps some of the 
cost can be charged off to advertising or 
public relations, especially if the control 
room is one of the sightseeing points for 
guided public tours. The effect of a 
luminous ceiling is admittedly more awe 
inspiring. 

Let us consider the fundamental aspect of 
luminous \systems which appears to be the 
fallacy of their use for control rooms. The 
vertical plane is the principal work plane. 
The horizontal plane very seldom requires 
an illumination level higher than what 
would be adequate for ordinary seeing tasks 
(IES recommends 30 foot-candles). To get 
a desired level of lighting on the vertical 
plane with a luminous ceiling system one 
must virtually pour between two and three 
times as many lumens on the horizontal 
plane. This means that if one wants 50 
foot-candles on the vertical plane it is neces- 
sary to provide 100 and 150 foot-candles on 
the horizontal plane whether needed for the 
task or not. How many office lighting 
installations are there in this country using 
such high levels? 

The comment concerning the Louverall 
ceiling as an aid in ventilation, or air- 
conditioning, is questionable. Heating and 
air-conditioning men have indicated that 
this is correct for the cooling cycle, but that 
if one attempts to introduce heated air into 
the control room, much higher velocities 
are required and that difficulty might be 
experienced. The introduction of air into 
the control room by the means mentioned 
should also require a much larger air- 
conditioning system in the opinion of these 
men. This again adds to the cost of the 
installation. 

The serious difficulty which Mr. Morton 
seems to imply with the direct lighting sys- 
tem is that shadows are bound to occur on 
the board and that specular reflections will 
occur by installing fixtures in the center of 
the room for general lighting. These 
shadows are very very negligible. I 
should think that Figures 2 and 4 would 
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support this contention. As far as the re- 
flection of the center lights in instruments are 
concerned, Mr. Morton is correct, but these 
only occur from very few positions and can 
be avoided by the operator stepping aside 
just a trifle. Figure 2 was purposely 
selected as an exhibit to bring out this point. 
There is nothing to hide in this respect, 
since, as mentioned in the paper corrective 
methods can be devised if the expenditure 
seems to warrant the result. The next step 
in this development was to utilize a ceiling 
as indicated in the Sporn Plant control 
room, Figures 4.and 5. This system further 
tends to eliminate the possible positions in 
which such specular reflections would occur. 
The use of 7-17 lamps reduces the bright- 
ness of the reflected image also. 

The comment regarding the black faces 
of some instruments is very well taken. 
The writer dislikes black-faced instruments, 
but as yet has not been able to convince 
those responsible for purchasing these in- 
struments that white faced units are more 
easily read. 

Mr. Taylor recommends that specular 
aluminum be used on the vertical surface of 
the dropped ceiling. This was considered 
because it would increase the reflected light 
towards the board but the idea was dis- 
carded when the architect claimed excep- 
tionally difficult and costly work of fasten- 
ing the aluminum to the surface in a good 
looking manner. Besides it was felt that 
diffused light from the acoustical tile would 
help eliminate the shadows on the board. 

Mr. O’Neill raises some interesting ques- 
tions. He asks whether the lighting installa- 
tion in Figure 1 was considered generally 
satisfactory. The answer is ‘“‘no” and that 
is the reason why further development was 
undertaken toward dropped ceiling design. 
The writer feels that no system will be 
entirely satisfactory in the Philo control 
room unless the old style type H meters are 
discarded. Mr. O’Neill also questions 
whether calculations can be made for the 
system described in this paper which could 
predict what the level of illumination would 
be on the vertical plane. Calculations can 
certainly be devised which would be as 
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accurate as desired. The writer has de- 
veloped a method which yields results, 
that are sufficiently accurate to predict the 
level, 

The instrument used to test the illumina- 
tion at our plants is a Weston model 603 
twin-cell paddle-type photocell meter. If 
better instruments are devised that can be 
used conveniently we shall use them. 

Further development, which was partly 
forced upon us by inability to purchase 
aluminum troffers and partly by the desire 
to reduce further the brightness of the 
board lighting units in the longitudinal 
direction, is being introduced into Philip 
Sporn numbers 3 and 4 control room. In 
this room shallow troffers utilizing 9015 
Holophane Lo-Brightness lens will be used 
instead of the parabolic aluminum troffers. 
These fixtures will utilize three lamps per 
unit so switched that either one, two, or 
three lamps may be energized, thus afford- 
ing a means to investigate whether higher 
vertical illumination levels are desirable. 

Mr. Langstaff discussed a very important 
phase of control room lighting, namely the 
maintenance problem in relation to inter- 
ference with operation. Although the ap- 
proach used in the Mitchell Station design is 
a commendable one, we did not feel that 
the added complication and expense of pro- 
viding for relamping and cleaning fixtures 
from above the ceiling would be justified in 
our case. Our approach was to select a 
fixture which met the prescribed photometric 
requirements, had features which would 
tend to keep the depreciation low and would 
be easy to clean. The two lamp parabolic 
aluminum troffer manufactured by Day- 
brite Lighting, Inc., utilizes a wide louver 
spacing in the plane parallel to the tubes. 
This feature is an advantage from the 
maintenance point of view but provides 
less than desirable shielding in the longi- 
tudinal plane—again a compromise. The 
recent priority restrictions on aluminum 
forced us to use troffers with Holophane 
9015 Lo-Brightness lens’ plates. This 
change will probably make maintenance 
more difficult but will improve the bright- 
ness control longitudinally to the fixture. 
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A Contribution to the Theory of the 
Deep-Bar Induction Motor 


JOHN F. H. DOUGLAS 


FELLOW AIEE 


HE deep-bar rotor may be defined as 

a single-cage rotor in which skin 
effect plays a prominent part. With rotor 
slots nearly one inch deep, skin effect re- 
starting current and increases 
starting torque so that in many ratings 
this type of motor has superseded the 
older shallow cage motor. Deep bars of 
various shapes have recently been de- 
veloped. However, no adequate theory 
has appeared which enables the designer 
to predict the characteristics of these 
newer motors. This paper will provide a 
theory which will aid in the design of 
deep-bar rotors. 

The earlier deep-bar motors had rec- 
tangular slots. The theory for this type 
of bar was given by A. B. Field! in 1905. 
More recently bars of a T-shape have 
been used. H. V. Putnam? presented the 
theory for this type of bar in 1927. 
Typical starting currents for a motor 
using either of these bars is 5.5 times unit 
current. With this current a typical 
starting torque for a motor with rec- 
tangular bars is 1.5 times unit torque. 
When a T-shaped bar is used the corre- 
sponding figure may be 1.75 times unit 
torque. 

Motors with bars of trapezoidal shape 
are in current use, as well as motors with 
bars having a circular lower part and 
rectangular upper part. 


duces 


These motors 
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have starting characteristics similar to 
those of a motor with a T-shaped bar. 
So far as is known to the author there are 
no deep-bar motors which compete with 
the double-cage motor, or meet National 
Electrical Manufacturers Association de- 
sign type C specifications. 

This paper will endeavor to supply the 
theory of the tapered bar and of bars with 
a tapered section. It also will endeavor 
to improve the theory of the round bar. 
A graphical method for computing the 
impedance of any shape of bar will be 
given. The formulas developed indicate 
that further improvements should result 
if the bar is somewhat enlarged near the 
slot opening. 

It will be shown that: 


1. The tapered bar is superior to the rec- 
tangular bar, provided the narrow portion is 
near the top. 

2. Further improvements should be sought 
among bars of compound shape. 


3. The slot constant, for a round slot is 
close to 0.72 when running. 


Statement of the Problem 


The problem discussed in this paper is 
that of finding the impedance of the rotor 
bars under both starting and running 
conditions, as the impedance is a major 
factor in motor performance. The im- 
pedance may be found by either graphical 
or mathematical integration of im- 
pedance elements from the bottom of the 
slot to the slot opening. In previous 
studies the slot width was assumed con- 
stant. In this paper the effect of a vary- 
ing width of slot will be studied, 

Figure 1 shows a slot with lines of force 
at points x and (v+dx). The current J is 
that below x. The electric intensity is 
denoted by E. Both J and E vary with x. 


Douglas—Deep-Bar Induction Motor 
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The strip of width (dx) in Figure 1 adds 
an area (dA), contributes a geometric 
permeance (dP) equal to (dx/W), and 
carries the current (d/). The increase in 
the voltage (dE) is due to the effect of 
reactance. It is proportional to the cur- 
rent, J, the frequency, and the increment 
in the permeance (dP). It leads the cur- 
rent 90 degrees. The increase in the cur- 
rent (d/) is due to the effect of conduct- 
ance. It is proportional to the voltage, 
Ff, the conductivity, and the increment in 
area (dA). It is in phase with the 
voltage. 

Figure 2 shows how the bar is repre- 
sented by an equivalent circuit,4 and also 
shows a vector diagram of current and 
voltage for the layer (dx). The shunted 
conductance is equal to (dA/p). The 
series reactance is equal to (2afu)dP. In 
inch units, with microvolts and amperes, 
the reactance is (f/5)(dP). If we also 
allow for the space factor, F, in the copper, 
a very general form of the basic equations 
is equations 1. 


dE=j(f/5)(I)(dP); dI=(F/p(E)(dA) (1) 


When the lines of force are straight and 
the slot is narrow, the equation may be 
written in the more familiar form of 
equations 2. 


dE=j(f/5W)(1)(dx); dI=(FW/p)(E)(dx)(2) 


The problem may now be restated more 
precisely as that of replacing the pair of 
equations 1 or 2 by a single equation, ex- 
pressing the variation of the impedance, 
Z, (or admittance Y), with x, making due 
allowance for variations in the width of 
the slot. This equation must then be 
integrated to obtain the bar impedance, 
Z, or admittance, Y. 


Method of Approach: Finding a 
Single Equation with One 
Dependent Variable 
In taking the derivative of the im- 

pedance Z, with regard to x, we note that 

Z is the ratio of (E/J), and set, 


dZ/dx = d(E/1)/dx =(1/1)(dE/dx)— 
Z1/E)(dI/dx) (3 


By the use of equation 2 and substituting 
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Figure 1. 


\\ 
for (dE) and (d/), equation 4 is obtained. 
If, however, equation 1 is used, equation 5 
results. 


dZ/dx = j(f/5W) —(Z")( F/p)(W) (4) 
dZ=j( f/5)(dP)—(Z*)( F/p)(dA) (5) 


Equation 4 is most useful in analytical 
work; equation 5 in graphical and tabular 
integration. 

If we write an expression for (dY) simi- 
lar to equations 3 and 5 then, by proper 
substitutions, equation 6 will result. 
This is most useful in graphical integra- 
tion in the lower portion of the bar. 


=(F/p)(dA)—( ¥*)(j)(f/5)(dP) (6) 


Equations 5 and 6 are suitable for 
graphical and tabular integration, with 
very small increments in permeance, P, 
and area, A. The number of steps to be 
taken are a very severe burden, and a 
modification of the equations is needed to 
make them suitable for finite increments, 

The modification of equations 5 and 6 
for finite increments consists in replacing 
Zor Y by their average values. Thus Z is 
replaced by (Z+1/,AZ) and Y is replaced 
by (Y+1/2,AY). If terms of the third 
order are neglected, equations 7 and 8 re- 
sult. 


Glf/5) AP —(22)( F/p) AA 

az-( 1-+(Z)(F/p)AA ) o) 
(F/p) SA—( 2) if/5) AP 

a-( L-+(¥)( jf/5) AP ) 8) 


The choice of equations 7 or 8 depends 
on the boundary condition when x is zero. 
In the bottom section of a bar the 
boundary value of Y is zero, so that equa- 
tion 8is convenient. Ifa start is made at 
a point at which the shape of the bar 
changes, and there is a known initial value 
of Z, then equation 7 is more convenient. 

The topics that will be considered are 
the impedance of a tapered bar, the im- 
pedance of two types of compound bar, 
and the solution of the problem of the 
round bar. The paper will be concluded 
with two illustrative examples. 


Impedance of a Tapered Bar with a 
_ Narrow Slot Opening 


While bars of a trapezoidal shape are in 
current use, the direct solution for the im- 
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pedance of such a bar will not be con- 
sidered here. Instead, an equivalent ex- 
ponentially shaped bar, having the same 
area, and slot constant will be used. A 
graphical solution of the trapezoidal bar 
checks with the analytical solution for the 
exponentially shaped bar. The advantage 
of the exponential shape lies in the fact 
that the differential equation is easily 
solved, Asa matter of fact if the two con- 
tours are superimposed on a drawing, the 
difference is very small. In equation 9, we 
let the width at the bottom be Wo. At 
the opening where x is equal to d, the 
width is Wg. Then at any level, 


W=Wo 7”; where ad=1/sloge(Wo/Wa) 
(9) 


The values of (ad) are shown for con- 
venience in Table I. 

When the value of W from equation 9 
is substituted into equation 4, the result 
is that given in equation 10. 
dZ/dax = (jf/5Wo)(e*) —(Z)( F/p )(e~**) 

(10) 


The detailed work in solving equation 10 
is given in Appendix I. The result is 


Z=(p/WoF)\(e*)( K coth ( Kx)—a); 
where K?=a?+j(fF/5p) (11) 


The correctness of the solution is easily 
verified by substitution. 

Equation 11 gives the impedance of the 
bar at any level. The impedance of the 
whole bar is that at level x equal to d. 
Hquation 11 then becomes equation 12. 


Za=(p/WaF){ K coth (Kd)—a] (12) 


As an additional check on the correctness 
of the solution, note that if a is zero the 
bar is rectangular and the solution be- 
comes identical with Field’s equation. 
Since the hyperbolic cotangent of a com- 
plex number is not a tabulated function, 
it is more convenient to use equation 13. 


Za=(p/WaF) X 


sinh(2P)—] sin (2Q) 
(ot ganar to) on 


where 
P+jQ= Kd 
In the running range, with small slips, it 


is more convenient to expand equation 12 
as a power series, in which case equation 


15 is: 


Zi =(p/WaFd)[1—ad+( Kd)*/3— 
( Kd)4/45—...] (15) 


The terms in ascending powers of (Kd) 


(14) 


Tables I 


de 


a1 


Figure 2. Equivalent circuit and vector dia- 
gram for a deep-bar rotor 


form a series in powers of the slip fre- 
quency. In the running range we need 
consider only terms that are constant or 
vary as the first power of the slip. Using 
the subscript (7) to mark running con- 
stants, equations 16 and 17 result. 


Ry =(p/dFWa) (1 —ad+(ad)?/3— 


(ad)*/45.....] (16) 
X, =(d/38Wa)(f/5) [1 —2(ad)?/15-+ 
2(ad)4/105.....] (17) 


At starting for a 60-cycle motor, and 
with bars l-inch deep, the hyperbolic 
cotangent is approximately unity. Equa- 
tion 18 is suggested as convenient for 
rapid and approximate calculations. The 
subscript (s) is used to mark starting con- 
stants. 


Z; =(p/FWa)[—a+(fF/10)('1+ 1)] (18) 


P. L. Alger,* in an important arti- 
cle points out that motor performance 
depends on the relations between the 
starting and running constants. It will, 
therefore, be of interest to show these re- 
lations, for the tapered bar. By combin- 
ing the above equations, equations 19, 20, 
and 21 are obtained. In these equations 
the subscripts r and s are used as above. 


R,/X7= 
(15p/f Fd?) (1—ad+7(ad)2/15....] (19) 

X7/Xs = 
(24/3)(pf F/10)'/2(1 —2(ad)?/15....] (20) 
X3—R;s =(ap/FWa) (21) 


The important results are: 


1. The ratio of running to starting react- 
ance is controlled by selecting a proper 
depth of slot. 

2. The ratio of resistance to reactance 
when running is controlled by proper choice 
of taper. 


3. The proper running reactance is con- 
trolled by choosing the proper slot opening. 


4. The starting resistance is less than the 
starting reactance. 
5. The tapered bar alone cannot meet 


NEMA design type C specifications, since 
these require generally that Rs be > Xs. 


oe Constant hed) eB Teperag Seeks in Terms e Tape 


eee ASubch feredion 1,500;535.; 1,600; 4.3, 1,700. .... 1,800555\.. 17900% o's 2.000..... 2.100..... 2.200 


Pptiieraie’ >a. (0.601 0.204.....0.285.....0.265. 
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Compound Bar with Tapered 
Section at the Bottom and 
Enlarged at the Top 


Figure 3 shows a bar in which the lower, 
and major, part is tapered exponentially, 
and with a minor part at the slot opening 
of enlarged width. The impedance of the 
lower part may be computed by equation 
13 or by equations 16 and 17. This im- 
pedance will be termed (Z;). The upper 
portien will be considered to consist of a 
reactance AX, and a conductance AG 
arranged as in Figure 2. The problem 
considered here is that of computing the 
change in the impedance, AZ, caused by 
the small enlarged section. The computa- 
tion is made by means of equation 7 
which is here rewritten as equation 21. 


az —(#= 226) 


—— 21 
1+ZAG Se 


The increments in X and G may be com- 
puted from the width, W2, and the depth, 
d, of the small upper part. If we take 
the crude assumption of straight lines of 
force, AG is equal to (Wed2/p), and AX is 
equal to (f/5) (W2/d2). A somewhat bet- 
ter procedure would be to make a flux 
map for the purpose of estimating AP and 
AX. 

It is desirable at this point to examine 
equation 21 in more detail in order to 
prove that AZ is chiefly a decrease in the 
reactance of the compound bar. In dis- 
cussion of equation 21 we first note that 
the bar is small, and that the denominator 
of the fraction is nearly unity. In the 
second place we note that in the phasor 
Z, the resistance component is approxi- 
mately 85 per cent of the reactance com- 
ponent. Thus when an expression like 
(0.85+71.00) is squared, the result is 
(—0.28+ 71.70) and we may say that the 
numerator consists chiefly of changes in 
reactance, In the third place we note 
that in the numerator the first term is con- 
siderably smaller than the second term, 
when there is an increase in the width of 
the bar, as in this case. If W, is twice 
Wa, then the value of AX is one quarter 
of the value of (Z)?AG, so that the nu- 
merator is negative and the change in Z is 
a decrease in reactance. 


Compound Bar with Tapered 
Section at the Top, Known 
Impedance at the Bottom of the 
Slot 


Figure 4 shows a bar with a smaller 
lower part of expanding width, and a 
larger upper portion with an exponen- 
tially tapered shape. Such a bar will not 
show materially different properties, than 
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Figure 3. Compound tapered bar with an 
enlarged slot opening 


that of the simple bar; but it might be 
useful in avoiding saturation in the rotor 
teeth. Equation 13 may be used to find 
the impedances Z; and Z» of the two parts 
of the bar assuming that they are acting 
independently. The impedance of the 
whole bar Zi. may be found by equation 
23: 


y ( Z,Z.+j( fo/FWoWa) ) oy 
2 \ 7,42 Wa/Wo)+20(p/WoF) 


The extended proof is given in the 
Appendix I. A simple check on the cor- 
rectness of equation 23 is to note that it 
agrees with Putnam’s formula when the 
constant, a, equals zero and W, equals 
Wo. 


Tabular and Graphical Solution for a 
Round Bar 


The bar shown in Figure 5 was selected 
as an illustration of the method of tabular 
and graphical integration using equation 
8. The bar in the figure is a compound 
bar, and the impedance of the whole bar 
can be found by Putnam’s formula if the 
impedance of the circular portion can be 
found. The bar chosen had a circular 
part of 0.5-inch diameter, and a rectangu- 
lar part of 0.125 inch in width. Copper 
with a space factor of 0.99 was assumed. 

Figure 5 shows a series of lines of force 
obtained by field methods. Between the 
points O and P they are orthogonal 
circles. Between the points P and Q they 
are nearly circles and straight lines. The 
several zones were computed or estimated 
to have permeances of 0.1 geometric unit. 
Zones | and 17 were estimated by special 
methods to have permeances of 0.16 and 
0.13 respectively. The areas of the several 
zones were computed and are entered in 
Table II in units of 0.001 square inch. 

In computing Y in units of 10° mho, 
(F/p) was taken as 12 and (f/5) as 1.2. 
The complete calculations are given in 
Table III. The calculations for the 10th 
zone are shown here. Start with Yo of 


Figure 4. Compound bar with two tapered 
portions, (1) diverging, (2) converging 


y (120.0265) — (1.159— ee) 
7 1+7(0.12)(1.159 —j0,196) 
=0.261—j0.172 


The tenth value of Y is the sum of this 
figure and the ninth value of Y. When 
the value of Y at the end of the 17th zone 
is converted into an impedance we have; 


Z;=5.1+ 8.1 microhms per inch 


A similar analysis for running constants 
disclosed a running reactance of 8.7 
microhms per inch of stacking corre- 
sponding to a slot constant of 0.72. 

Figure 5 also shows the parameters x 
and @. In the zones where the lines of 
force are orthogonal circles, equations 
23, 24, and 25 aid in drawing the lines so 
as to enclose zones of equal permeance 
and finding the areas. 


P=0.319 log. (1—x)/(1—x) (23) 
x= R(sec 9—tan @) (24) 
A=R*(6+(1.57—6@)tan? 6—tan 0) (25) 


A similar calculation was made for a 
trapezoidal bar confirming the accuracy 
of the use of an equivalent bar with ex- 
ponential taper. This method can be 
used for bars of any shape. It should be 
used wherever a sudden change in width 
occurs. 


Illustrative Examples 


In the numerical examples chosen, it 
was assumed that the simplified equiva- 
lent electric circuit is reliable for comput- 
ing torque and current, if the proper ratio 
of transformation is used. It is under- 
stood that this includes a term obtained 
by the use of Thevinin’s theorem. It 
was assumed that by the choice of the 
number of slots, conductors per slot and 
other factors the microhm values could be 
changed into per-unit values, and so that 
the running reactance of the rotor was 
made 12 per cent. It was also assumed 
that the stator impedance was 3+/9.3 


1.159 —70.196. per cent. “* 
Table Il. Areas of Zones of Permeance for a Circular Slot 
Zoneigtst ree: 1 2 3 4 Be OS 6a anes 9 ..14 IR RgeetT) 
LORE i= le sv saereee a rk 13. ..12 ».1t -10.. 
Rese cerns 2.24..1.79..2.98..5.39..8.12..11.9..17.7..21.6..26.5..8.50..5.31..3.44. .2.80 
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Table Ill. 


Calculations of the Admittance of a Round Rotor Bar 


Zone AX AG (+j+1/2YAX) AY Y 
.000+ 30.000. 0.027—j0.0000........ 0.027 —j0.0000 
.1.000+ 70.002... -. 0,021—j70.0002........ 0.048 —j0.0002 
.1.000+ 70.003........ 0.036 —j0.0004........0.084—j0.0006 
.000+70.005........ 0.065—j0.0011........ 0.149 —j0.0017 
.000+70.009........ 0.098—j0.0035........0.247—Jj0.0052 
.000+ 70.016........ 0.142—j70.010 ........ 0.389 —j0.015 
.000+70.023........ 0.224—j0.023 ........ 0.613 —j0.038 
.000+ 30 .037........ 0.252 —j0.054 ........ 0.865 —j0.092 
.006+30.052........ 0.294—j0.104 ........ 1.159 —j0.196 
.012+30.070........ 0.261—j0.172 ........ 1.419 —j0.362 
; ; -022+ 70.085........ 0.114—j0.231 ........1.533—j0.599 
1 een oe See (18 a Pa ee Groner. 1.036+j0.092........ —0.011—j0.229 ........ 1.522 —j0.828 
eS ae ROE OUND starsraxsts On14Stee ess 1.049+j0.091........ —0.167—j0.173 ........ 1.355—j1.001 
arias mss (). (Orne OulO2Z eis es 1.060+70.081........ —0.216—j0.082 ........ 1.137 —j1.083 
UBS eis o)s-2 Qa Os avis 0.064) .0:0 0a 1.067+30.068........ —0.225+ 70.008 ........ 0.912 —j1.075 
Wie reiaiabeva ls ass ¢ DEE vataiarsls rx Ox 043s aceon 1,064-+-70.055........ —0.178+ 70.044 ........ 0.734—j1.030 
ierereveieaie.ssss OPUGS HaaectG OLO86.1 6 as 1.061+70.044........ —0.177+j0.139 ........ 0.557 —j0.891 


In the table the values of Y are in units of 105 mhos. 
units, 


In the first example a bar 0.9 inch deep 
with a taper of 1.8 and a slot opening of 
0.08 inch was chosen. A space factor of 
0.93, a frequency of 60 cycles, and a re- 
sistivity of 0.83 microhm per inch cube 
were assumed. Equations 16 and 17 
were used to find the running constants, 
and equation 14 was used to find the 
starting constants. The constants were 
computed and entered in Table IV. 

In estimating performance an end ring 
resistance of 0.25 per cent was assumed, 
and a magnetizing current of 60 per cent 
was used. On this basis the computed 
full load slip was 3 per cent, the break- 
down torque was 200 per cent, the starting 
torque 175 per cent with a current of 5.5 
times unit current. 

In a second numerical example a com- 
pound bar similar to Figure 4 was taken. 
The lower part was of the same depth and 
taper as in the first example. The width, 
however, of the slot opening was changed 
to make the percentage values of running 
and starting constants 1.08 times as great 
as those listed in Table IV. The upper 
part of the bar was assumed to have 40 
per cent resistance and 1 per cent react- 
ance. 

The end-ring resistance was taken 
as 0.35 per cent, the magnetizing current 
as 60 per cent, the stator impedance as 
34710.1 per cent. The slip and break- 
down torque computed to the same as be- 
fore, but the computed starting torque 
was 202 per cent with a starting current of 
5.6 times the unit current. The result is 


eS Se eee 


The column marked AX is 1.2 times AP in these 


The values in the column marked AG is 0.012 times the value of AA as shown in Table II, 


so close to NEMA design type ¢ specifica- 
tions, that the problem is recommended 
for further study. Without doubt with 
some other taper, some other slot depth, 
and other upper portion of the bar, these 
specifications can be met. 


Appendix |. Analysis of the 
Impedance of Bars with Tapered 
Section 


In the detailed analysis, equation 10 is 
abbreviated to read 


AZ /dx =j( f/5 Wo) ) —Z FWo/p)(e-24) 
=Betar— AZ%-2az (26) 


The substitution of ye?4% for Z gives the 
simpler equation 27 


dy/dx+2ay+y?A =B 


The substitution of (v—a)/(A) for y gives 
the still simpler equation, 


dv/dx+v?=AB-+a*= K? 


(27) 


(28) 


This equation is of the first order first degree 
with variables that are easily separated. A 
very convenient and most general form of 
the solution is equation 29 


G coth (Kx)+ «) 
=| 


(29) 
K coth ( Kx)+e 


When the variable v is changed back to Z, 
this equation becomes 


Z=(¢*47)(1/A) X 
K) coth( Kx)+ nas) (30) 


K coth ( Kx)+¢ 


Table IV. Comparison of Rotor Constants for a Tapered Bar 
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Figure 5. Circular bar divided into zones of 
equal permeance 


The constant c is determined from the 
boundary conditions. Thus for a simple 
bar, as x approaches 0, Zapproaches infinity, 
c becomes a very large number and equation 
30 becomes 


Z=(6?4"/A)( K coth( Kx)—a) (31) 


On the other hand, with a compound con- 
ductor, and an impedance of Z, when x 
approaches zero, we let the term (c—a)/A 
equal to Z; obtaining equation (32). 


2 -( Z,Z2+(B/A)e?2” ) 
Oe N Zi +Zre 29 4.20/A 


(32) 


Next the constants B and A are replaced by 
the values in equation 26. The expression 
(e247) is replaced by its equivalent (Wo/Wa). 
These steps result in equation 33. 


_(__ B2rtilfo/5FWiWa) 
Pa, (5 +Z2(Wa/Wo) wee eee 


Equations 31 and 33 are equations 12 and 22 
in the main part of the paper. 


Appendix Il. A Graphic 
Interpretation of Skin Effect 


At 60 cycles in copper the penetration of 
current in estimating resistance is 0.38 inch. 
In estimating reactance the penetration 
may be taken as 50 per cent greater. Thus 
in Figure 7 is depicted a tapered slot and 
conductor in cross section. The trapezoid 
(A) enclosed by a dotted line, will check 
equation 18 very closely, as to the resist- 
ance. The rectangle (B) will check equa- 
tion 18 very closely as to the reactance. 
Actually the current is present all over the 
slot, but with a density decreasing rapidly 
toward the bottom of the slot. 


Appendix Ill. Note on the 


Equivalent Circuit of the Deep 
Bar Motor 


Attention is called to the fact that the 
“Tee” equivalent circuit used in Figure 2 is 
substantially the same as that used in refer- 
ence 4, For an infinitesimal layer it does 
not matter whether the “Tee,” “Pi” or 


865 


10 


For the small finite 
layer it is to be noted that equations 7 and & 
depend on the calculus of finite differences, 
Equations 7 and 8 can be used up to 0,1 inch 


“RIL” section is used. 


without serious error, It is to be noted 
further that Putnam’s formula can be put 
into a very useful form that can be used for 
still larger increments in (dx), This modi- 
fied Putnam formula is: 


wf AR NAGS 
14-2, AG+-j(1/8)( AX AG) — 
(1/45)( AX AG)... 


It is to be noted that some of the terms in 
the denominator are the series expansion of 
(KAx) coth(KAx), It can, therefore, be 
carried as far as desired, The series con- 
verges rapidly if Aw is 0,2 inch, somewhat 
more slowly when Aw is 0.4 inch, For 
depths of 1 inch, it is much easier to use the 
hyperbolic function, 


1,2x10"1.4 @ 1.6 


Figure 6 (left), Locus of admit- 
tance vector at different levels 
in a circular slot 


Figure 7 (right). Graphic repre- 

sentation of skin effect in a ta- 

pered bar, (A) resistance, (B) 
reactance 


Appendix IV. List of Symbols 
Used in the Paper 


A area in square inches 

Bean area shown in Figure 7 
d=slot depth in inches 

>= EMF in micro-volts 
f=frequency in cycles per second 
Fespace factor 

G=conductance in mega-nhos 

J =current in amperes 

K =a constant 

P =perimeance 

Psa constant 

Q=a constant 

R=a radius in inches 
R=resistance in microhms 

v=an auxiliary variable 
W=width of slot in inches 

x =distance of a layer from the origin 
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No Discussion 


NX =reactance in microhms _ 
y=an auxiliary variable 
Y =admittance in mega- 
Z =impedance in microhms _ 
A=finite increment in : - A. 
w=permeability of air 3.19 
p =resistivity 
d=an angle 


Subscripts 


o At level, x=0 
d At level, x=d 
1 In lower part of conductor 
2 In upper part of conductor 
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Split- Winding Starting of 3-Phase 
Motors 


P..L. ALGER 


FELLOW AIEE 


Synopsis: In this paper there is presented 
a new method of normal voltage reduced 
current starting for induction motors. The 
scheme consists in connecting one phase of a 
3-phase winding in series during the starting 
period only, the other phases having circuits 
in parallel. When full speed is attained, 
the series connected winding is opened mo- 
mentarily, and then put back on the line in 
parallel. This gives the advantages of re- 
duced current without any current surge on 
reclosing, no external impedance, and a low 
cost of control. It provides about half 
torque with two-thirds average current, as 
compared to full voltage starting; it givesa 
smooth torque curve on the Y connection, 
and only a small one-third speed torque dip 
on delta connection; and it allows about 50 
per cent greater stalled time than on full 
voltage. Although this type of connection 
will draw unbalanced line currents, this 
appears unimportant. In most cases there 
will be other machines on the line to act as 
phase balancers and absorb the relatively 
small negative sequence current. Formulas 
are given for currents and torque with and 
without external impedances. Formulas 
are in terms of voltage and forward, back- 
ward, and zero phase sequence impedances. 


ETHODS of reduced current start- 

ing fall into two general classifi- 
cations: (1) those where the stator wind- 
ings are merely reconnected, and (2) 
those where part of the stator windings 
are omitted. The delta~Y method and 
the use of taps on the stator winding 
belong to the former classification, while 
the various ‘‘part-winding’’ methods be- 
long to the latter. 

Where starting torque is of minor im- 
portance, and it is desired to keep the 
starting current low, the delta-Y method 
is often used abroad. Although the 
starting current is low, one-third normal, 


the starting torque is also only one-third 


normal, Also, there is a current surge 


__when the circuits are reclosed on the run- 
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ning connection. In many applications 
where more starting torque is required 
and more starting current can be toler- 
ated, this method cannot be used be- 
cause of the fixed relationship between 
delta and Y circuits. 

Some attempts to circumvent these 
limitations have been made by putting 
taps on the stator winding, the winding 
acting as an autotransformer, but this en- 
tails added expense in winding the motor 
and for control, and also introduces un- 
desirable air gap flux harmonics, with 
consequent torque dips. 

In the usual part-winding scheme, the 
windings are connected with two or more 
parallel circuits in each phase on the run- 
ning connection, one or more of the cir- 
cuits being left open on the starting con- 
nection. If there is a large number of 
poles, the remaining circuits and their op- 
posing rotor sectors give an approximately 
normal performance with torque and cur- 
rent proportional to the ratio of the 
utilized to the fotal number of circuits. 
With few poles, and a small air gap, how- 
ever, as in nearly all induction machines, 
the “end effects’’ due to the omitted 
circuits markedly increase the current 
and decrease the effective torque. That 
is, there are large unwanted harmonics 
in the air gap flux wave, which produce 
asynchronous crawling, or torque dips. 
If the windings are arranged to minimize 
these harmonics, a large unbalanced 
magnetic pull on the shaft may be 
created. 

Whenever the number of omitted 
coils is not the same for adjacent poles, 
even harmonics are introduced. Subhar- 
monic fields also are introduced when 
successive pairs of poles have different 
numbers of omitted coils. Thus, when 
starting motors with small air gaps by 
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these general methods, it is preferable 
to reconnect, rather than omit, sections of 
the windings. 

The new method that is here proposed 
has the advantage of using all of the wind- 
ings throughout the entire starting period, 
and in addition has no current surge on 
transferringsto the normal run position, 
It gives about 80 per cent of normal 
torque per ampere. The proposed start- 
ing method may be used for low voltage 
starting on any dual voltage 3-phase 
motor, having nine leads brought out, 
if delta, or 11 leads brought out if wye. 
The standard Y-connected motor usually 
has only nine leads brought out and hence 
cannot be reconnected strictly wye. How- 
ever, the reconnection can be made with- 
out bringing the neutral out in such a 
manner that the results are almost identi- 
cal to those had the neutral been brought 
out. Figure 1 shows the starting con- 
nections and the normal run connections 
for the delta and both Y windings. 


Results 


For a delta-connected motor, the line 
currents are: 


E 
= 2 WK-1)2 
qi oxezz,\* +?) +Zo+2(K -1)?Z+ 
f8K*ZoV/3) (1) 
—JE/3 
je (2) 
2 
ee KG 2 == 
Tz 6K zz, +-2)?Zo-+2(K —1) 


#8K?Z.V/3] (3) 


and the ratio of the locked rotor torque 
to the torque with the running connection 
is: 


(2+K) 


3K ” 


T/Tn= 
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Figure 1. Connections for split winding 


starting of 3-phase motors 


For the Y-connected motor, the line 
currents are: 


9E 
_9F 5 
q 7 (5) 
LoF F/3 
jae ea 6 
Ne a7 (6) 
=OR 3 
ee GN 7 
3 2N sei) OZ ( ) 


and the torque ratio is: 


3(2K+1)Z 


Ly Tn = 
/ N 


where 


N=(2K+1)*Z+2(K —1)*Z) 

E=line voltage 

Z=symmetrical stator impedance at stand- 
still per phase, referred to normal 
turns 

Zo=zero phase sequence stator impedance 
at standstill per phase, referred to 
normal turns 

K=ratio of the number of turns in series of 
the unbalanced phase to the number 
of turns in series on a normal bal- 
anced phase. Normal values of cur- 
rent and torque are obtained by let- 
ting K=1 in the above expressions. 
The most usual case is K=2, repre- 
senting a normal 2 circuit winding 
connected with the two circuits of 
one phase in series for starting. K is 
1.5 for a motor with one phase of the 
winding divided into two series con- 
nected halves, one half consisting of 
two circuits in series, and the other of 
two circuits in parallel; while the 
other two phases have two circuits in 
parallel throughout 


The positive and negative phase se- 
quence line currents for the delta con- 
nection are: 


iS 
y= EM 6K242K42)20+ 


9K*ZZy 
(K—-1)*Z] (8) 
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Figure 2. Speed-torque curves with split 
winding starting 


EV/3 
h=— > [K—-1]2@K41)2)— 
= azz, KNRAK+1)Z0 

(K= 12), (9) 

and, for the Y connection: 

9E E 
Iy=—+— 10 
f oN OZ (10) 

9E E 
= —— 11 
te ON oz aD 


Table I gives the ratios of locked rotor 
currents and torques on the starting con- 
nection to normal (running connection) 
values, calculated by the foregoing for- 
mulas. Table II gives corresponding 
test values for a number of motors. 


HEATING 


For the delta case, K = 2, the locked 
rotor current density in the stator wind- 


on 


ing is 0.87 of normal in two phases, and 
is much reduced in the third. Hence, 
the permissible stalled time is about 1.5 
times that for the normal connection so 
far as the stator is concerned. For the 
Y case, with K = 2, the greatest current 
density is about 0.8 of normal, so that 
the permissible stalled time is about 1.8 
times normal. For both cases, the rotor 
heating, with K = 2, is about 75 per cent 
of normal, giving an allowable stalled 
time of about 1.5 times normal, so far 
as the rotor is concerned. This nearly 
corresponds to the increased starting time 
required with the 0.6 available starting 
torque. Thus, the standard thermal 
overload relays will adequately protect a 
motor with split winding starting. 


On the other hand, the part-winding 
scheme, using only half of the stator cir- 
cuits for the starting connection, draws 
about 0.7 of normal starting current, 
flowing in half the normal copper section, 
giving about twice the normal heating 
rate. Also, the localized rotor heating, at 
standstill, is not far below normal, while 
the accelerating torque is greatly reduced. 
Hence, the standard thermal overload 
relays will not adequately protect a motor 
with part-winding starting, unless the 
motor is thrown over almost immediately 
to the running connection. The low ac- 
celerating torque due to asynchronous 
crawling tendencies will often require this 
at any rate. For an induction motor 
with few poles and a small air gap, there- 
fore, the part-winding scheme is really a 
step-starting method, drawing the full 
locked rotor current of the standard 
motor, but taking it in two steps. A 
timing relay is required to assure the 


Table |. Starting Performance with Split Winding Connection 
Turn Ratio of Current Ratios 
Phase A, K Igc Tap Ica | ee Ty Ty Torque Ratio 

Delta Winding Z,=Z/2 

Pree irmsctoncn ad : Oe Aree L000. ee L000 rea T2000 cca 1000). «0.1.1 os oreteneeneeeeae 1.000 

US Sener eters Cyrus c TT eersceraes 02,755. OS 755 nce OR SS Terr 0.827.500. O. 17S eee 0.778 

PMR ot une nc Sere 1k Ae eee 0.694..... 0°694 i550 OR S6 mae ONT Sie oe 0.222). saison 0.667 

CMe ee aN at bend C Oe Pays ee 0.680..... 0.680... O87 oes OPI Sy cae 0). 2220 remietenetens 0.333 
Delta Winding, Z)=Z/4 

LS crgeescareeeneone TP rey ctr 10002 £-000..5..5 T0000 ee. 1000.05.33 «ae 1.000 

LisGitiknenys:.cie ak Sere ner |e f<¥ Garner OnTST cece ONS58n 0.852..... 0.148. apetereeee 0.778 

Dn eicsatiarate Steen ae Lees oor OL 764 ea GO: 7645 ee 0.843..... 0.833..... 0. 167 eee 0.667 

CO" haynes ercteetar ets Uh de oan a OOO ace. wc. i000. ee L000 tase 1..000....... 3: «te aetna 0.333 

Turn Ratio of 
Phase A, K I, Iz Ic bie I; Ty Torque Ratio 

Wye Winding, Z = Z/2 i 

LS tieeaien- oer ROOO Re LQO0 SS 5 .000.5 3... O00 mats 1,000. .....:0:s <cccoisistateiaianeneiaen aanenOaee 

ao erm aten ener OSb4LF. SOT9TO, 6)... OF 910 ae ORT9L clare OUT Tira 0 .22dnp eee 0.739 

BAU O CC ER Lents 0.3465 na 07883... 0.883... 50.704 een G7 Sn aemn S2Favice eee sOLOCL 

CE eae whoo c chad 0: 866... 0..866--7... OLo77e eee O:500 cose 0. 500i rr sramtermscsest 

; Wye Winding, Z)=0 

he ee ee 1.000 e506 L000 see: O00 ane 100022 eer 1.000... .:c.<:<qcen aoe eee 1.000 

5 ancaaiy oss) easton OO Ose eee VAC i ere ONOL1 rae O.2Oae ames O.78aa eee Q. 2ES Tce 0.750 

RE ge 0. 360.6 .4 078840535, 0.884....,. OV7OO eee 0 680i. cp 0.320 n%ehmcs 0.600 
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Table Il. 


Locked Rotor Test Values with Split Windings 


Winding Locked Rotor Relative 
Motor* Connection K Locked Rotor Current Ratio Torque Ratio Torque/Amp 
I, I; I; } fxs 

Passa is/ate ss Delta aeRO OL ROL: ah SOLS Nests Oat aa sek OsOD cus weeps DOG tsa rie watrets 0.79 
SES iafaieieieiss« Delta arin rkaOe ie. Ooo ei OWOR. reetOsGe «cede cas O66 ele o acer 0.78 
BE ee Dems': Delta ret petra RYE eed | He CTI tee Re ee + ee O09) 5 Oiercccas stek 0.85 
| a , Delta PGR OL cctv Odes TO. TEE te OREO. cuca wres 3628.1) Site aeis are 0.74 
ae \. Delta ees OL STO ese OOM ers (OOS. wecOe Wh caisceers BG xn sctne Mettelt 0.79 
Deere eins. 039 ¥ Bali OVO . 0,92 AE ARO ROC craleroccis » Ot oan tea tate 0.81 
Der Cash Y Ree ase AG OSE ec OLRO cite Oe cae tele 0.50 Pare asx ees 0.75 
eee slay air ss ee Pee ae ate a 0. Oe. mers Ouanes OLOO: Gin hee. EGY Serra cohoe 0.87 
Be oe oot Oiaicts i, 82 Bee cat. Ae Maras ONT on eens alors QO) SSiewtaes Astaire 0.79 
Tare icleaieio as ¥ Pee Ora Ur So rath OSLO. Vain) Ba tices OnIGOT «1 ievaee BS Ono eee aera 0.76 
Ne ae eee as DNA a} si 2 3,45) 4/570 2 O.845.......0V836. ..170.338....0.678....55.. OD2 Vie meee: 0.775 

*Motor A 4 pole, 30 hp, 1,800 rpm, 3-Phase—220/440 v.—Standard 

Motor B 4 pole, 30 hp, 1,800 rpm, 3-Phase—220/440 v.—Special Rotor 

Motor C 4 pole, 30 hp, 1,800 rpm, 3-Phase—220/440 b—Special Rotor 

Motor D 4 pole, 30 hp, 1,800 rpm, 3-Phase—220/440 v.—Special Rotor 

Motor E 4 pole, 40 hp, 1,800 rpm, 3-Phase—220/440 v. 

Motor F 4 pole, 3 hp, 1,800 rpm, 3-Phase—220/440 v. 

MotorG 8 pole, 15 hp 900 rpm, 3-Phase—220/440 v. 


prompt execution of the starting se- 
quence. 


CONTROL 


Figure 3 shows the contactors required 
for the split winding method. One nor- 
mally open and two normally closed con- 
tactors of reduced capacity are required, 
in addition to the usual three contactors 
of full rating. This is not a standard 
combination, and, therefore, its cost is 
somewhat higher, and its availability is 
less than for the standard motor control. 
The part-winding scheme usually employs 
two duplicate sets of three contactors of 
half rating. However, since the motor 
draws about 0.7 current on the first step, 
this means that the initially closed con- 
tactors must carry 140 per cent of their 
ostensible rating. 

If it is desired to reduce the split wind- 
ing starting currents below those given, 
__asmall impedance may be added in series 
_ with the B and C phases, together with 
_ two normally closed contactors to short- 
circuit them in the running connection. 
In this way, a wide range of starting 
_ torque and current values may be ob- 
_ tained, and two or more steps in the start- 
__ ing procedure may be used; correspond- 
q ing to the use of two or more taps on the 
: autotransformer in the compensator 
q method of starting. Or, very low cur- 
7 rent can be obtained by initially connec- 

ting two of the phases in series, and 

- makin the starting sequence consist of 
_ two steps. 

It should be noted that each of these 

_ methods of reducing the locked rotor cur- 

rent will reduce it a little more than indi- 
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duced magnetic saturation of the leakage 
flux paths in the motor. 


CURRENT SURGES 


With the split winding method, the 
transfer to running connection is made by 
opening, reconnecting, and reclosing one 
phase, leaving the other two phases on 
the lines. During the transition, the 
motor operates on single phase. Since 
the single-phase torque at full speed is 
ample to supply any normal load require- 
ment, there will be no drop in speed and 
no appreciable current surge when the 
motor is reconnected. With the part- 
winding scheme, also, the motor is per- 
manently connected to the line, and there 
is no current surge on transfer. Other 
schemes, such as the Y-delta or the com- 
pensator method nonmally require that 
the motor be disconnected during the 
transfer to running connections, allowing 
the motor to fall back in speed. Conse- 
quently, there may be a high current surge 
on reclosing, of magnitude comparable to 
the locked rotor current at full voltage. 
The resulting momentary voltage dip 
causes light flicker, and is particularly ob- 
jectionable where television sets are con- 
nected to the circuit. 


UNBALANCE 


The split winding method, with K=2, 
draws a negative phase sequence current 
from the system, equal to 0.2 to 0.3 of the 
normal full voltage starting current. 
Other motors (running) on the system 
have a much lower negative than positive 
phase sequence impedance, so that they 
will contribute materially to the supply 
of this current. Thus, the degree of un- 
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balance in the currents supplied by the 
power system will be less the larger the 
proportion of connected live load, and 
will be small at points distant from the 
motor being started. Also, the normally 
balanced impedances in the power lines, 
when added to the unbalanced motor 
impedances, will make the total imped- 
ance, and, therefore, the actual starting 
currents, more nearly balanced than for 
the motor alone. The same cause, high 
line impedance, that makes voltage flicker 
objectionable, acts to reduce the unbal- 
ance in the line currents, and so makes the 
flicker more nearly uniform on all phases. 
Still further improvement can be obtained, 
as noted above, by adding small series im- 
pedances during the starting period, and 
shorting them out at speed. 

It is probable, therefore, that the effec- 
tive amount of voltage disturbance, or 
light flicker, will be in proportion to the 
positive phase sequence currents alone. 
If there are lights connected on all three 
phases of the power system, the average 
rather than the maximum drop in voltage 
will matter. If only one phase of the 
system in the vicinity of the motor has 
connected lights, the motor may be so 
connected that this particular phase 
supplies the minimum starting current. 
Thus, the possibility of connecting the 
high current motor lead to the power line, 
whose voltage is least important, ought 
to fully offset any disadvantage there may 
be due to the current unbalance. 


COMPARISON WITH REACTOR STARTING 


Figure 6 shows comparative locked 
rotor torque and current values for a Y- 
connected split winding motor (K = 2) 
and for a similar motor with reactor 
starting. Zo is taken equal to Z/2. The 
curves for the split winding motor show 
the effects of including a reactor in series 
with each of the normal phases (two 
reactors in all). The results are sum- 
marized in Table III. 

The split winding, with no external 
reactance, gives the same positive se- 
quence current, and about 1.25 times the 
torque, obtained when reactors are used 
totalling 2/9 the normal motor locked 


Table Ill 


—— = 


Ratio to Normal Locked 
Rotor Values 


Reactor Positive 
Imped- Phase 
ance/ Sequence Torque/ 

Method Phase Torque Current Ampere 
Split wind- 

Inge ee ee ot Oy nn OL OS semen OGiiveatcr « 0.86 
Reactors. «21. 0.49....0.45..... OF6 Tractor on 0.67 
Reactor...... 0.82... .0,58..0% Or*O os. cae 0.76 
Split wind- 

UG Sa ee 5 C224 oe O45. ne OrOCo on 0.79 
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rotor kilovolt ampere. The split winding 
requires the same number of additional 
contactors, but of smaller size. Thus, 
the split winding scheme is preferable 
to the reactor method of starting in all 
respects except the unbalance of the start- 
ing currents, and the requirement for 
bringing out at least five instead of only 
three leads. 


Conclusions 


It is concluded, therefore, that the 
split winding method of starting with K = 
2 gives fully comparable performance to 
the usual compensator method with an 
80 to 85 per cent tap. It has the ad- 
vantages of no current surge on transi- 
tion from starting to running connection, 
of requiring less equipment, and an ulti- 
mately lower cost. The method may be 
applied to any dual voltage motor having 
nine leads brought out. Single voltage 
motors especially built for this method 
will require only five leads brought out. 

As compared to the part-winding 
method of starting, it has the important 
advantages of smooth starting on the 
first position, no current surge on trans- 
fer to running position, and adequate ther- 
mal capacity. 

The split-winding method is especially 
adapted to cases where “‘soft’”’ starting is 
desired, without any sudden torque peaks. 

As compared to the reactor method of 
starting, the split-winding gives greater 
torque per ampere and requires less 
equipment and smaller size auxiliary con- 
tactors. 


Appendix 


Consider a delta-connected 3-phase motor, 
as shown in Figure 4, having K times as 
many turns in phase A as in phases B or C. 


aR 
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A small impedance, z, is connected in series 

with each of the B and C phases, Let: 

Ta, Iz, Ic =actual phase currents 

E4, Ep, Ec =actual phase voltages 

Z,=3-phase impedance of stator per phase, 
with normal (unit) winding turns 

Zy, Zy=forward and backward,“ 3-phase 
impedances of rotor and the parallel 
magnetizing circuit, referred to nor- 
mal winding turns 

z=external impedance in B and C phases 

K=ratio of A phase series turns to normal 
(B and C phase) series turns 

Z,)=zero phase sequence stator impedance 
per phase, with normal winding turns 

Then, the line to neutral impedance of a 
normal phase, considered alone, is: 


2Z1+Zo 

3 
and the mutual reactance between any two 
normal phases is 


The impressed phase voltages, assumed 
balanced, are taken to be: 


Ea=E (12) 
E,=E/240 = E( —0.5—j0.866) (13) 
Eo = E/120 = E(—0.5+j0.866) (14) 


For the winding of Figure 4, the current 
voltage relations are: 


3E4/K =K(2Z,+-2))Iat(Zo— Z1) In + 
(Zo—Z,)lo+BEa'/K 


8Eg=K(Zo>—Z2Z,) Ia +(82+221+Z0)Ia+ 


(15) 


(Zo—Zi Ie+8Ep’ (16) 
8Eo = K(Zy— Zi: Ia +(Zo— Zi) Ip + 
(82+22,+2Z0)Io+38Eo’ (17) 


where Ey’, Ep’, Ec’ are the voltages induced 
by the air gap fields. 

That is, the first terms of the above equa- 
tions are the voltages consumed in the sta- 
tionary and external motor circuits; the 
final terms are the remaining voltages that 
are impressed on the rotor. 


*Alternatively, positive and negative sequence. 


Figure 3 (left). Control diagram for split 
winding starting of 3-phase motor 


Figure 4 (below). Circuit diagram of 3-phase 
delta-connected motor with external imped- 
ance in two phases 
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All that the rotor ‘‘sees” are the dir gap 
fields due to the stator ampere turns,’’ Since 
the zero phase sequence stator currents pro- 
duce no useful air gap fields, only forward 
and backward fundamental fields exist in 
the air gap and rotor. Hence, we can sub- 
stitute; 


E4!/K = Ey + Eo! =L)Zs+I0Zo 
Ey! = Ey’ [240+ Ey'/120 = [yZp/ 240+ 
TpZy/12Q, (19), 


Eo! = By [120+ Ey'/240 = 1,Z,/120+ 
InZp/240 (20) 


(18) 


The applied (stator) voltages and currents 
referred to sequence axes, expressed in terms 
of normal winding turns, are: 


E4/K=Ey+ Evo t+ Eo (21) 
Ep = E,/240-+ Ey/120-+ Ey (22) 
Eo = Ey/120 + Fy/240+ Eo, whence (23) 
3Ey= E4/K+Ep/120+ Eo/240 (24) 
3Ey = E4/K +Ep/240+ Eo/120 (25) 
3Eo= E4/K+Esp+Eo (26) 
Kl=l+h+h (27) 
Ty = I,/240 + Ip/120 +1 (28) 
To = Iy/120 + Ty/2404 Io (29) 


To transform the 3-phase equations to the 
sequence axes, we substitute equations 15 to 
23 in 24 to 26, giving: 


SEp= KZ,la+(Zi+2)[p/1204 | 
(Zi+2)/24043Z, (30). 


3Ey = KZ,I,+(Z,+2)1p/2404 
(Zi+2)/12043]yZ (31) 


SEo=KZol4+(Zo+s)In hea seen 


Substituting equations 27 to 29 in these 
last equations, and dividing by three 
throughout : 


Ey=(Z1+Zy)Iy+2(Tp—Io)/3+ 
2(Iy—Ip)/3 (33) 


Ey =(4Z1+2Zo)Iy +2 To = Lo) /38 + 
2(Ip—Ip)/3 (34) 


Ey=Zolo+2(Lo—Iy)/3+2(Lo—Ip)/8 (35) 


These three equations are represented by 
the equivalent circuit of Figure 5. An un- 
usual feature of this circuit is the presence 
of the outer branches of a mutual imped- 
ance, 3/3, instead of merely a mutual 
reactance. In practical cases, any external 
impedance is predominantly a reactance, so 
that the circuit can be set up on an a-c 
calculating board by using 1-to-1 ratio insu- 
lating transformers to represent the mutual - 
impedances, bf 

If ¢=0, the circuit breaks down into two i 
independent circuits. One is the normal 
circuit for a balanced 2-phase motor with 
unbalanced impressed voltages. The other 
is the single-phase zero phase sequence cir- 
cuit, Thus, when there is no external im-— 
pedance, the motor behaves exactly as if it” 
were a balanced 8-phase motor, with un-_ 
balanced voltages, Ea/K, Ep, Eo, im- 


pressed on the three phases. 
“ 
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Figure 5 (above). 
split winding starting 


tor starting 


With balanced impressed voltages, equa- 
tions 12 to 14, we have, from equations 24 to 
26, when z=0: 


Fy=(2K +1)E/3K (36) 
 By=—(K—-1)E/3K (37) 
Ey= —(K—-1)E/3K (38) 
Let, for convenience 
Zr=2Z,+2Z;=total forward field imped- 
ance per phase with nor- 
mal turns (39) 


Zp=2Z,+2Z)=total backward field im- 
pedance per phase with 


normal turns (40) 


Substituting in equations 33 to 35, and 
solving for the currents: 


E(Zo+2)(Zr+z—KZr) 
K [8ZpZpZ+22(ZpZp+ZoZe+ 


Ip = 


ZZy)+2(Zr+Zp+Zo)] (41) 
EE (Zp+z)Ip 
‘a Zrt+e Zrt+s BA) 
(Zp+2)Ip 
In ey (¢ (43) 


} At standstill, Z7=Z,=Z, and equations 
41 to 43 become: 


7, ESot2(Z+2—KZ) 
SP R(Z-+2)(222-+8220+Zo2) 


_El(Z+2)(Zot2) + K(Z2+2220+ Zoe) | 


(44) 


K(Z+2)(222+822Z9+Z0z) 
(45) 
E(Z+2z—KZ) (46) 
K(2Z2+32ZZ)+ Zo) 


_ These give, for the phase currents, from 
ons 27 to 29: 


El(K+2)Z.—(K —1)Z+332] 


4 
K(2Z24+32Z2Z)+Z2) Ge 
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Iq? x (I¢+Ip+Io) 
Ig:Ty [240 +1, l20 +1, 
Ig=I¢ [120 +I, |240+1, 


Equivalent circuit of motor connected for 


Figure 6 (right). Three-phase motor performance with reac- 
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REACTOR STARTING OF THREE PHASE MOTORS 
SPLIT WINDING (Y CONNECTED, Z9=Z/2, K=2) WITH REACTORS IN 2 LINES —_ 


NORMAL WINDING WITH REACTORS IN 3 LINES — —— 


_— ~E(K+2)2Z0+2(K — 1)Z) _ 


BOK (2Z2+38Z2Z)+Z02) 
jV3E 
2(Z+2) (39) 
pe TEM K +2) Zot K-12 
: 2K (2Z2+3ZZo+Z02) 
IV3E 
(Z+2) XA?) 


When z=0, and these equations are com- 
bined, they give the equations for the line 
currents given in the first part of this paper. 

The locked rotor torque is proportional to 
the difference of the square of the forward 


and backward sequence currents. Or, from 
equations 44 and 45: 
(Zi KZ 
P/ Tn = of ( Det Jha 2 3 (50) 
K(Z+2)(222+3822Z04+Z0z) 


If z=0, this reduces to (24+ K)/3K. 

The zero phase sequence current, as seen 
by the rotor, which produces a third har- 
monic air gap field, is given by equation 46. 
If z=0, this reduces to: 

E(1—K) 


= 51 
l=" ORD, i) 


This is not the same as the actual circu- 
lating current in the delta of the stator 
winding, which is 1/3(14+Je+Je) or: 


—E((K-1)(K+2)Zo+(K—1)X 
(2K +1)Z—3z] 
K%(2Z2+32ZZo+-Ze2) 


Io’ = (52) 


If the motor is Y connected, equations 30 
to 32 are still true, but we have the new rela- 
tion that the phase (line) currents must add 
up to zero: 
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I4t+Ip+Ic=0 (53) 
whence, from equations 27 to 29, we have: 
Ib=(K=1)L 4/3 (54) 
(y+In) = (2K +1)L 4/83 (55) 


Substituting these values in equations 30 
to 82: 


Es=(Z:4+-Z Ip +2(Ly—In)/8+ 
2(Iy—In)/3 (33) 


Hence, equations 33 to 35 are still true, 
and the equivalent circuit of Figure 5 repre- 
sents the Y as well as the delta connection. 
The only difference is in the impressed volt- 
ages. 

The relations between the unknown Y 
phase voltages, the known line voltages, and 
the sequence voltages are, from equations 12 
to 14 and 24 to 26: 


Eo—Ep=E/120— £/240=j/3E _ 
=jV3(Ey— Ep) 


2E4—E,—Eo =2E—E/120— £/240=3E, 


giving: 
E=Ey—E (56) 
3E=(2K+1)(Ey+ Ey) +2(K —1)Eo (57) 


Substituting equations 80 to 32 in these: 
E=Ij(Zp+2)—I(Zp+2) (58) 


BE=(2K+1)(Zpl¢+Zelo)+ 
2(K —1)IoZ+2(Iy— Io) +2( Io — Lo) 
(59) 


Since there is no neutral connection, the 
sum of the actual line currents is zero, 
whence: 


In4Ip+Ico=0 (60) 
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In=(KI44+Iet+Ie)/3=(K—-1)L4/8 (61) 


Iyt+In=KI4—Io= (2K +1)I 4/8 
=(2K+1)ho/(K—-1) (62) 


Substituting these in equations 58 and 59, 
and solving for the currents: 


p= 2 (K+ 22K 41) K+ 


(K—-1)?Zo] (63) 
Ip = [-(K-1)2K+1)Zr+ 
3Kz—(K—1)*Zo] (64) 


a SUE e276 (Kk So 


0 


(65) 
whence 


M=(2K+ 1)*ZpZp+2(K?+K+1) 
(Zg+Zr)a+32*+(K—1)? 
(Zea +Zr+2z)Zo (66) 


These give for the phase currents: 


Tyme (K+2)Z0—(K—NZr +88] (67) 


p= V2 [ VB(K—12n—(K+2)Z0~88]— 
jl(2K +1) ((K+2)Ze+(K—1)Zr)+ 

32+2(K—1)*Zo]] (68) 

Toe ee B(K—1)Ze—(K+2)Z2—32]+ 


2M 
j((2K+1)((K+2)Ze+(K-1)Ze]+ 
32+2(K—1)?Zo]] (69) 


When z=0, and Zy =Zz, these reduce to the 


Discussion 


A. F. Ordas (General Electric Company, 
Fort Wayne, Ind.): Prompted by this 
paper, we applied the recommended method 
to a Y-connected synchronous motor; 
connecting one phase of a 3-phase winding in 
series during the starting period only, the 
other phases having circuits in parallel. The 
rating of this synchronous motor was T'S 
975, 6 pole, 500 horsepower, 500 kilovolt-am- 
pere, 0.8 power factor, 2,300 volts, 3-phase, 
60 cycles, 1,200 rpm. 

Oscillographic torque tests showing the 
rate of acceleration were made at quarter 
voltage and full voltage. The torque curve 
showed uniform acceleration without har- 
monic dip from zero to synchronous speed. 
The line currents also smoothly drop from 
the starting value to their synchronous value 
with equal large currents in two legs and 
smaller current in the third or series leg. 

Unfortunately, the power supply used 
for testing this motor was incapable of 
supplying full load on the synchronous 
motor at rated speed, and as a result line 
impedance was such that the lowest line 
voltage was 0.8 of the highest line voltage 
during the starting portion of the torque 
test. This line impedance distorted our 
test results slightly from the theoretical 


values given in the first part of the paper. 

From equations 63 and 64, the ratio of 
locked rotor torque, Zr=Zs=Z, to its 
normal value is: 


T/Tn= (Up? —In?)2?/E* 


3(2K-+1)Z? 


~ (2K +1)9Z?4+-4Z2(K?-+K41)+ 
2(K —1)(Z+2)Zo+32" 


(70) 


ve 4 
When z=0, this reduces to the value given 


in the first part of the paper. 

Figure 6 gives the locked rotor current 
and torque ratios to normal obtained with a 
Y-connected 2/1 circuit split winding motor 
(K =2), with different values of the external 
impedance, z, in series with the two high 
current lines. For comparison, similar 
ratios are shown for normal reactor starting, 
with a balanced motor winding and a reactor 
in each of the three lines. 


Table | 
Balanced 
Connection, Test 
Calculated 550 V* 2,300 V 
Per unit torque........ 1 eee Nang Wasy 
Perimnit leva yay ayes ciaiele DEL: Y repeicrene 5.10 
Alger Y- 
Connection, Test 
Calculated 550 V* 2,300 V 
Per unit current, 

lines 2 and 3........ A Bll, citatons Dcatnan 4.40 
Per unit current, 

Lined wsesiie cacao asso LO dietetars 2.38 
Per unit torque........ 0.86 0.52.....0.94 
Unbalanced/ 

balanced torque 

FALIO. clee.Sotinle ates ti O560) we eas ONSS ec. 0.69 


*Values corrected to 2,300 volts. 


values as indicated in Table I of this dis- 
cussion. 

There is no doubt that applications exist 
for this method of starting, and it offers the 
engineer an additional tool which should 
help him custom design for specific ap- 
plications. In this scheme, only one leg is 
series connected during start. Applica- 
tions may arise where two legs can be 


series connected during start with further 
decrease in kilovolt-ampere and starting 
torque. Thus, a three step start can be 
obtained by paralleling one, and then the 
second of the series phases. Also, if 
groups of motors are started together, 
balanced system loading can be obtained 
even though individual motors took un- 
balanced current. For best performance, 
this method requires a Y, 2-circuit wind- 
ing, or equivalent. For the relatively few 
motors which have delta-connected wind- 
ings, the method has the disadvantage that 
it draws the full voltage starting current 
from one of the three lines. Also, smaller 
high-voltage synchronous motors usually 
require one circuit for construction in mini- 
mum frame size. This means that any part 
winding starting system requiring more than 
one circuit is disadvantageous on a small 
synchronous motor. On larger motors this 
is, of course, not such a large handicap un- 
less the line voltage goes up correspondingly. 

One particular disadvantage we did notice 
with the unbalanced starting connection 
was that it gave rise to very high induced 
voltages in the field with the field open- 
circuited. It is, therefore, very important 
not to open the field until the motor is 
operating under the balanced applied volt- 
ages in or near synchronism. Even in 
synchronism with the unbalanced voltages 


RTING CURVES WITH 40 OHMS ACROSS RINGS, UNBALANCED 


CONNECTION] 
TESTS MADE AT S5S5OV, 


VALUES CORRECTED TO 
Ke 2300 V 


m 4m Fi S2 
8 g igure 1 (left) i 38 sta 
@ a] STARTING CURVES WITH 40 OHMS ACROSS RINGS 2 On 
<~, 27 | 3PHASE TEST ARMATURE VOLTS- 550, BALANCED WINDING gz xo 
$3 83 Bq 300 
we ae ou 
4S 
600 300 
500 250 
400 200 o 
a 
z 
300 150 a 
So 
wat 
200 100 rea 
(ae as 
acnetee IND FLD VOLTS (LOCKED) ee 
fay} 
zu 
° 0 ey 
© 10 20 30 40 50 60 70 80 90 100 0 10 
% RATED SPEED Figure 2 (right) 
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applied, the open field showed sufficient 
voltage to break down the insulation. 

The starting characteristics for the syn- 
chronous motor tested are shown in Figures 
1, 2, and 8 of this discussion. 


John F. H. Douglas (Marquette Uni- 
versity, Milwaukee, Wis.): The following 
data relating to a motor made by Schindler 
of Lucerne, Switzerland, was furnished by 
Frank Gutzwiller of the Cutler Hammer 
Company. This data seems to apply to a 
split-winding motor: Construction—two sta- 
tor cores, two stator windings, two rotor 
stackings on one shaft mounted in one 
housing. Outer cage of each rotor is in- 


dividual; inner cage™ runs through both 
rotor stackings and is common. Running 
performance—11 horsepower, 3 phase, 30 
cycles, 2 poles, 380-volts, 16 amperes, torque 
2.75 kilogram-meters at 3.3 per cent slip. 
Starting performance—(one stator excited) 
torque 4.3 kilogram-meters, 56 amperes. 
Control—one contactor is manually oper- 
ated by a push-button. The other con- 
tactor connects in second winding with the 
aid of a voltage relay. There is no drop in 
speed or serious inrush at change-over. 


P. L. Alger, H. C. Ward, Jr. and F. H. 
Wright: The motor described by Professor 
Douglas is very interesting, and there is no 
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doubt that it will work satisfactorily, but 
its cost in this country will be prohibitive. 
Many such special designs of polyphase 
motors, using independent cores or wind- 
ings with electrical or mechanical means for 
changing conditions between starting and 
running, have been described by H. M. 
Hobart.! 

So far as I know, all these motors have 
disappeared from American practice. The 
present-day problem is to find a method of 
starting that can be used with any standard 
motor taken directly from stock, for the 
reason that the extra costs and delays in- 
curred by a special motor design far out- 
weigh the advantages to be gained in nearly 
all cases. 

On the other hand, a scheme requiring 
special control encounters a similar eco- 
nomic barrier, that is only slightly less 
serious. 

The split-winding method of starting 
using standard motors and standard control 
elements, represents an attempt to cir- 
cumyent these difficulties. Its field of 
usefulness is in that fringe territory where 
motors are too large to be started directly 
and too small to warrant special construc- 
tions. The unanswered question is whether 
this field is extensive enough to warrant 
development of the packaged control equip- 
ment that is necessary. 
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Shielded Dielectric-Rod Waveguides 


ROBERT E. BEAM 


MEMBER AIEE 


F A circular metallic. waveguide is 

filled with a dielectric other than air, 
the phase velocity and the cutoff fre- 
quency are lowered. Such dielectric- 
filled guides prove useful in such applica- 
tions as impedance transformation and 
matching, mode conversion, phase shift- 
ing, and as mode exciters for dielectric-rod 
antennas. Only transverse electric and 
transverse magnetic modes can exist in 
such guides under lossless conditions. 
Dielectric-filled guides have dielectric 
losses; however, the losses may not be 
objectionable in many practical cases. 
Waveguides only partially filled with di- 
electric should be even more useful in 
practical applications than those com- 
pletely filled with dielectric and should 
have better loss characteristics. They 
also should have much better charac- 
teristics as exciters for dielectric-rod an- 
tennas than do the completely filled wave- 
guides. 

Studies of dielectric-rod and dielectric- 
tube waveguides indicate that transverse 
electric, transverse magnetic, and hybrid 
modes may exist in such waveguides.} 
Hence, it is reasonable to expect that all 
three types of modes may exist, at least 
at high frequencies, in metallic wave- 
guides containing two or more coaxial di- 
electrics. A dielectric rod surrounded by 
air and a metal cylinder is here called a 
“shielded dielectric-rod waveguide” to 
emphasize the fact that modes of the types 
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associated with dielectric rods may exist 
as well as those associated with air-filled 
metallic waveguides. 

Special cases of the circular metallic 
waveguide with two coaxial media have 
been investigated by Pincherle,* Frankel,* 
Buchholz,‘ and by Teasdale and Higgins.® 

In this paper the boundary value prob- 
lem posed by a circular metallic wave- 
guide of infinite length containing two 
coaxial dielectric regions and propagating 
waves along its axis under steady-state 
conditions is solved. The conditions 
under which representative transverse 
electric, transverse magnetic, and hybrid 
modes will propagate are given. The cut- 
off frequencies, guide wave lengths, and 
transverse field plots are given for the 
lowest order and lowest rank transverse 
electric, transverse magnetic, and hybrid 
modes on such waveguides having poly- 
styrene and air as dielectrics. An approxi- 
mate theory of attenuation of propagating 
modes for low-loss dielectrics and small 
losses in the metal will be outlined. 
Special emphasis is placed on the shielded 
dielectric-rod waveguide in which the 
inner dielectric region is polystyrene and 
the outer region is air. The method of 
analysis used is similar to that used by 
R. E. Beam and his students in treating 
other waveguide problems,*7 


Boundary Value Problem 


The system to be investigated and the 
co-ordinates to be used in the investiga- 
tion are represented in Figure 1. The 
metallic cylinder and the dielectric regions 
are assumed to be lossless. The dielectric 
constant of region Rj, the inner dielectric 
region, is represented by «, and that of 
R, is represented by €. The boundary 
between R; and R, is a cylinder of radius 
a, and the boundary between R, and the 
metal is a cylinder of radius b. Meter- 
kilogram-second units are assumed. 
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For a guided wave travelling in the +z 
or axial direction, the time and z-co- 
ordinate dependence of the expressions 
for the field components is accounted for 
by the factor e/“’—), where B,=2m/N, 
is the phase constant of the guided wave, 
d, being the wave length. A necessary 
condition which the expressions for the z 
components of the electric and the mag- 
netic field intensities must satisfy is that 
they be solutions of the scalar wave 
equation in cylindrical co-ordinate form 


oy 1 ow 1 Ow 

—+-— —+— —=-— ; 1 
or? =r OF va 00? ee (1) 
where 

k= wpe — By? (2) 


is the separation constant and yw repre- 
sents either E, or H,. Any solution of 
equation 1 can be written as linear com- 
binations of the wave functions 


v= [Ancos n6+ By sin n6|Zn( kr el (ot — 89?) (3) 


for different integral values of m, where Z, 
represents appropriate Bessel functions 
or linear combinations thereof. 

For the dielectric region Ri, the separa- 
tion constant is given by 


hy? = wu€€1 — By? = (21/))?e1 a (2m/Ng)? (4) 


where po and € are the free-space values 
of the permeability and permittivity, 
respectively. The alternative form of 
equation 4 is obtained by substituting 
(2ar/X)? for wu), where A is the wave 
length of free-space plane waves, and 
(2m/Xg)? for B,?. 

Similarly for region Re, the separation 


REGION R, 


Figure 1. Co-ordinate system 
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constant is given by 
oy feo? = w*unenen — Bg? =(2m/d)%e2—(2m/dry)? (5) 


__ The range of variation of A, for prop- 

agating axial waves can be anticipated 
from knowledge of the theory of metallic 
_ waveguides containing a single dielectric 
to be between infinity and \/Ve or 
. ‘)//e, whichever is the shorter. Hence, 
__ kj? should always be a positive quantity 
for propagating modes if «>, and hy? 
should be positive when \,>A/+/e2and 
_ negative when \,<A/+/e. When A,= 
Wve, ke? is zero. Similarly, if «<e, 
the separation constant k» should be a 
' positive quantity for propagating modes, 
- and ,? should be positive when 
Xy> d/v/“and negative when Ay < A/V/u. 
This knowledge makes it possible to antic- 
ipate the types of Bessel functions re- 
wired for solutions for each of the two 


ordinary Bessel functions J,(kr) and 
_ N,(kr) are required; if k? is negative, the 
modified Bessel functions 1,(jkr) and 


_ Forregion R,, if the 6=0 line is properly 

osen, and if the normalized radial 
le s=r/b is introduced, appropriate 
tions for the axial field components 


When ;,? is positive 


1Jn( Vis) cos n6 


=bJn( Vis) sin n6 (6A) 


en k,” is negative 
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Ex, =aIn(W,s) cos né 
Hz =bIn(W,s) sin n0 


The factor e’“‘—*0) has been omitted for 
brevity in writing these field expressions 
and will be omitted hereafter. For a 
guided steady-state wave, 6, must be 
the same for both regions R; and Ry. In 
writing equations 6, k1b has been replaced 
by Vi when , is positive real, and by 
jW, when k, is positive imaginary. 

Similarly, for region R, appropriate 
solutions for the axial field components 
follow: 

When k,’ is positive 


(6B) 


Ez = [d2In( Vos)+a3Nn( Vos)] cos 10 


Az= [boTn( Vos)+b3Nn( Vos)] sin no (7A) 
When ;? is negative 

Ex = [d2In( Wes) +a,Kn( Wos)] cos n0 

Fzx= |boIn( Wos)+b3Kn(Wes)] sin né (7B) 


In writing equations 7, keb has been re- 
placed by V2 when &» is positive real, and 
by jW2 when kz is positive imaginary. 
The transverse components of the field 
intensities in the two regions can be 
obtained from the axial components by 
utilizing the following equations which 
were derived from Maxwell’s equations: 


—jBy OF, oH, 
Bak] IBy — + jung ‘ 
SOD: 


Os 
Ho= A jn ot | (8) 


In these relationships k;=b/V,", b/V2?, 
—b/W,?, or —b/W,?, depending upon the 
region to which they are being applied 
and the sign of the separation constant k? 
for that region. Also, €; represents the 
appropriate permittivity for the region 
under consideration. 

In order for equations 6 and 7 and the 
equations derived therefrom by means 
of equations 8 to represent solutions to 
the particular problem under investiga- 
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Xg = GUIDE WAVELENGTH 
\=FREE SPACE WAVELENGTH 
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= 


tion, it is necessary that the following 
boundary conditions be satisfied: 
At s=a/b=c 


En = En E46, = Eq. 
Hy =Hxa Hy, = H% 

At s=1 (9) 
En=0 F,=0 


If these six independent conditions are 
satisfied, the remaining boundary condi- 
tions on the radial field components will 
automatically be satisfied. 


Characteristic Equation 


By utilizing the six boundary condi- 
tions any five of the six constants a to 
by in equations 6 and 7 can be expressed 
in terms of the remaining constant for 
the appropriate pair of values (V;, V2), 
(Vi, W2) or (Wi, V2) which satisfies the 
following characteristic equation: 
n*T?/Q( dg— Asz)( Ag 5 — 42 44)+ 

[e, An( Ay— As) —e0( Ay Ag— Ay As] X 
[Ay As( Ay — Ag) — Az As( Ay — Ay)] =0o(10) 


where 


In! V2) 


al = 


= ni (os) 
CV2In(eV2) cWeln(eW2) 
= Jn'( Vi) _ —In"( W2) 

; Viot nf V2) WoIn( W2) 


InbcVs) _ In(oWs) 


4 


~ NnleVs) Kn(eWs) 
heme nha) Int Wo) 
 Nn(V2) Kn( Wa) 
Figure 4, Characteristic curves for TE), mode 


hors 


(9) 2 4 6 8 
4 Nnl(Va) _ —Kn'(W) 
° VaNn( V2) WeKn(W2) 
__Nn'(cV2) _ —Kn'(cW2) 
© VaNn(cV2) ¢WeKn(cWe) 
In(cVi) °—Ia'(cW 
g, -tai(eVs)__ = In'(oMi) Gia) 


Vi JIn(eVi) cWiIn(cW1) 


te AL Gad 0 E 2 Vit— V2! 
Cc V2 V2? ae r ~ @Ve—e Vat 


c=a/b Vi =jW, V2 =jW2 


Two expressions are given for each of the 
A’s. The one to be used in any case is 
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the one having a positive real argument. 
The considerations used in choosing the 
forms of equations 6 and 7 lead to the 
appropriate choice of A’s. To obtain the 
characteristic equation 10 in the form 
given it was necessary to divide by the 
product N,,(¢V2)-J,(cV1). 

Equations 4 and 5 may be solved simul- 
taneously for (A,/A)? and (b/d)? to yield 
the following equations after replacing ki} 
and kb by their equivalents V,b and V2), 
respectively : 


(Ag /A)? = (Vi? — Vo?) /(e2 Vi? — 1 Vo?) 


(b/d)? = (Vi? — Vo?) /(27)*(e1 2) (12) 


Thus, for given values of , b, c, & and 
€2, equation 10 can be solved for V; and 
Vo, which are then substituted in equa- 
tions 12 to determine A,/A and b/d. 
Equation 10 can be solved for continuous 
ranges of values of V; and V2 which, 
when used with equations 12 give \,/X 
as functions of b/X. 

The limiting forms which the charac- 
teristic equation assumes when the radius 
b becomes infinitely large and when a=b 
are of interest. The former case is that 
of a dielectric-rod waveguide if region R; 
is a dielectric rod and region R, is air. 
The latter case is that of a metallic wave- 
guide filled with one dielé¢ctric. 

The limiting form of equation 10 as bh 
becomes infinitely large is 
n?T?/Q—( As— A7)( As—e Av) =0 (13) 
This is the characteristic equation of a 
dielectric-rod waveguide. ‘ 
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b/X= 0.534 
A,/A= 1.581 
k b= 4.864 


Ag/d= 1.261 
kb =3.412 
k,b= 1.52 


k,b= 2.6 
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Figure 6. Relative field distributions in b, c, €, and €, the field intensity compo- 
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The limiting form of equation 10 as a 
becomes equal to b is 


In(Vi)*In'( Vi) =0 (14) 


To obtain this form it is necessary to re- 
call that the characteristic equation was 
divided by J,(cV1) to get it in such a 
form that A; could be substituted for 
Jn(eVi)/cViJn(cVi). Equation 14 was 
obtained from equation 10 multiplied 
by J,(cVi). For a=0, the same result 
as that given in equation 14 with Vj re- 
placed by V2 is obtained. This equation 
is satisfied when either factor is zero. 
The characteristic equation for transverse 
electric (7 E,,,,) modes in ordinary metallic 
waveguides with a single dielectric is 
given by 


In'( Vi) =0 (15) 


The corresponding characteristic equa- 
tion for transverse magnetic (7Mnym) 


modes is similarly given by 
Jn( Vi) =0 (16) 


For values of V; satisfying either equa- 
tion 15 or 16, the guide wave length can 
be found by means of equation 4. 


Equations for Field Components 


For pairs of values satisfying the char- 
acteristic equation for given values of 7, 


nents are given by equations 6A and 7A 
and the following expressions which were 
obtained by means of equations 8: 


Peele XC Vs)a+ 
Vi ALVis Ay oe 
noJn'( vis sin no 
—j2x b] dX 
En = — JF —In'(V; 
71 Vi 1® n'( 18 )a@y+ 
n 
no——J nl vis | cos 6 
Vis 


In! (Vis )ar+ 
Pug 


r 
Vs - Sal vis) | cos 26 


€& nt 
A =———= qe —In{ Ys )ai+- 
no Vis 


bis Tah visyh | sin 2@ (17) 
rg 


jax b| nm X 
= —— -+| — —[Jn(V25)a2+ Nn Ves )a: 
Ee, V, | v n( Vos ae n( Vos as] 


tno [Tn'( Vos )b2+ Nn’( visi | sin 20 


Ex. tag 4 un Ves )a2+ Nn’( Vos )as] + 


mys (Tal Vos)bo+ Nn( Ves)ba} feos 20 
2. 


—j2n b 
iano |e [Jn'( Vos)aat+ Nn'(Vos)as] + 
V2 AL : 


nN 


a [Jn( Vos )b2+ Nn ( vis) | cos 70 
dg Vos 
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—j2n ble n 
Ay,= a {2 ies [Jn( Vos )a2+ Nn( Ves) + 


r 
x, [Jn'( Vos )bo+ Nn'( Vos)bs] | sin ” 
0 


where m= Niaien 


If ky? is negative and 2b is a positive 
imaginary, equations 7B should be used 
in equations 8 to determine expressions 
for the transverse field components in re- 
gion R;. The resulting expressions would 
be identical with those of equations 17 
for region R, altered in the following ways: 

1. J,(Vos) and N,(Vos) replaced by 
I,(W.s) and K,(Wes), respectively. 

2. V2replaced by W2. 

3. Each of the four expressions re- 
versed in sign. 

Similar changes should be made in the 
expressions for region R, if k,? is negative. 

If equations 6, 7, and 17 represent a 
solution to the boundary value problem, 
the characteristic equation must be satis- 
fied and the constants must be interre- 
lated as follows as determined by the 
boundary conditions: 


Nnrle V2) 


Ne 
ay Tn(eVs) [As 4] 2 
— Nn(eV2) { As As— anh 
* In(eVi) As q 
AoA 
gag = Age b3= see be (18) 
As 


nT//O A3( Ay— As )@2+ 
no{ Ao Ag( Ar — As) — Az As( Ar — Ai)]02=0 


877 


| 
fey Av A=7 Ay) = 6( Ay Ag A, Ay) | a= 


"0 
Ay Ayn Ay A 
nT/ JO [“ Ab a ‘Ihix0 
= Ay 


If hy’ ig negative instead of positive, 
N,(cV) in these expressions should be 
replaced by K),(eW,) and the A’s for 
region Jy should be defined in terms of the 
modified Bessel funetions, Similarly if 
hy is negative, J,(eV4) should be replaced 
by J,(eW\) and the second form of the 
expression for Ay should be used, 

The characteristic equation 10 is the 
determinant of the coefficients of the last 
two of equations 18 set equal to zero, 
Por pairs of values Vi, Vo satisfying the 
characteristic equation, either of these 
two equations ean be solved for dy in 
terms of dy and then any five of the six 
constants can be expressed in terms of the 


sixth, 
Transverse Modes 


If only transverse components of the 
magnetic field exist, the constants ), bs, 
and by are vero, Tf only transverse com 
ponents of the electric field intensity exist, 
the constants a, @y, and a are zero, In 
the former case the resulting modes are 
called transverse magnetic modes and in 
the latter case, transverse electric modes, 
Mquations 18 show that the a, constants 


Relative field distributions in 
shielded polystyrene-rod waveguides 


Figure 7, 
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are independent of the b, constants when 
n=, In this case the modes are sym 
metrical modes in that the expression for 
the field intensities are independent of 
the angle 0, For n> 1, only hybrid modes 
exist except for the special limiting case 
of the ordinary metallic waveguide filled 
with a single dielectric. 

For n= 0, the characteristic equation LO 
reduces to the product of two factors 
either of which may separately equal 
zero, ‘The first factor set equal to zero 
yields the following characteristic equa 
tion for transverse magnetic modes: 


e Ay MN ; Ay) “ ey( Ay Ay- : Ay Ay) wm () (19) 


where the A’s are evaluated for n= 0, 
Similarly, the second factor yields the 
following characteristic equation for trans 


verse electric modes: 


Ay Aul Ay — An) — Ay Aol Ay — Ay) = 0 (20) 


Characteristic curves representing solu- 
tions to the characteristic equation for a 
7M, mode in terms of the dimensionless 
quantities \/A, and b/X for representa 
live values of ¢ are given in Figures 2 and 
3. In Figure 2, polystyrene with a di- 
electric constant of 2.5 was assumed for 
region | and air was assumed for region 2, 
In livure 8, the positions of the dielectric 
were interchanged, ‘The curves for ¢=0 
and cel are for waveguides with one 
dicleetric, These curves were determined 
by solving the simplified characteristic 
equation 16 for its first root and substitut- 


ay 

um 
ing the value of this root into equation 4 
or 5, whichever is appropriate. The re- 
sulting equation was then plotted in the 
form of a curve of X/A, versus b/X, 
Cutoff occurs in any case when the guide— 
wavelength Ay is infinite or \/), is zero, — 
Similarly, characteristic curves for the 
Tl, mode are given in Figures 4 and 5, 

Distributions of the field components 
over the cross section of typical shielded — 
dielectric-rod waveguides are shown in 
Figures 6 and 7 for both TH, and TMy 
modes, These distributions were com- 
puted using equations 17 and 18, For the 
Ty, mode, the constants a, ad, and dg 
are zero; for the 7M mode, the con- 
stants b,, by, and by are zero. 

Higher rank modes are determined by 
higher rank roots of the characteristic 
equation. Computations of the charac- 
teristics of the higher rank Tom, and 
TMyn modes, m representing the rank, — 
proceed in a manner similar to that used 
for the first rank modes, 


Unsymmetrical or Hybrid Modes 


For values of n>1 the field distribu- 
tions are unsymmetrical in that they vary 
with the angle @. Also, in general, all six 
field components exist for m>1. Such 
modes are called hybrid modes. Hybrid 
modes are ordered according to increasing 
cutoff frequency and designated as HEnm 
or LET» modes, depending upon whether 
they are more like TEnm or TMnn 


modes, respectively. TE modes are some- 
times called H modes and TM modes 
are sometimes called H modes. Hence, 
the designation HE or EH to represent 
hybrid modes. 

Hybrid modes are not merely the sum 
of corresponding order and rank TE and 
TM modes but are entirely different 
modes, However, hybrid modes do not 
exist in lossless metallic waveguides 
having a single dielectric. The general 
characteristic equation 10 reduces to 
equations 15 and 16 for the case of a 
single dielectric. These equations are the 
characteristic equations for either sym- 
metrical or unsymmetrical TH and TM 
modes in metallic waveguides with one 
dielectric. 

Characteristic curves for the lowest 
order and lowest rank TE-like hybrid 
_ mode, the HE, mode, are given in Figure 
8 for a shielded polystyrene-rod wave- 
_ guide for representative values of the 
ratio c of the two radii. The curves for 
c=0 and c=1 are for a T/, mode in a 
metallic guide with one dielectric. For 
c=0, the guide is filled with air; for c=1, 
_ the guide is filled with polystyrene. 
_ Typical curves representing the trans- 

verse field distribution for an /7/,, mode 
on a shielded polystyrene rod are shown 
in Figure 9 for a ratio of the radii equal 
to 0.5. Shielded dielectric rod wave- 
guides excited in the J7E,, mode have 
proved quite successful as exciters for 
polyrod antennas in experimental tests 
made by members of the staff of the 
Microwave Laboratory at Northwestern 


Figure 8. Characteristic curves for HE,; mode 


1.6 
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University. Other possible applications 
of shielded dielectric rod waveguides have 
been suggested in the opening paragraphs 
of this paper, 


Attenuation 


All of the results which have been pre- 
sented up to this time were based on the 
assumption of lossless dielectrics and per- 
fectly conducting walls. Since dielectric 
materials which are suitable for high- 
frequency operation have small loss tan- 
gents and since the walls are good con- 
ductors, the theory which has been pre- 
sented should be adequate for most prac- 
tical purposes. However, no measure of 
the attenuation is available from this 
theory. By introducing complex dielec- 
tric constants into the characteristic 
equation to allow for small losses in the 
dielectrics, and expanding the resulting 
characteristic equation about points deter- 
mined by solutions of the characteristic 
equation for lossless dielectrics, an ap- 
proximate expression for the attenuation 
constant can be derived.® 

As an example of the method, con- 
sider a shielded dielectric rod surrounded 
by air and a perfectly conducting cylinder. 
The characteristic equation for such a 
guide without losses can be symbolized 
by the equation 


F(Vi, V2, 4) =0 (21) 


If a complex dielectric constant €:=€ 
(1—j¢), where ¢ is the loss tangent of the 
dielectric, is introduced, the variables V, 
and V» will have complex values. If 
complex values are indicated by bold face 


Ro 
() Ri: POLYSTYRENE 
Ry: AIR 


dg? GUIDE WAVELENGTH 
\= FREE SPACE WAVELENGTH 
c#a/b 


€=2.5 
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type, the characteristic equation for the 
waveguide with small losses in the di- 
electric can be approximated by the 
following terms of a Taylor’s series ex- 
pansion: 


oF 
F(Vi, Vo, 1) = F(Vi, Vo, alts Vi-—Vi)+ 


1 


oF oF 
(V2 — bala (a-—e)+...=0 (22) 


OV. € 

It is reasonable to assume that to a 
first order of approximation that the in- 
crements in V; and V2 due to the complex 
dielectric constant are given by 


Vi-— V, =jbm 
V:— V2=jbne (23) 


where 7 and m2 have small real values. 
Since by definition Vi=kyb and Vo=hob, 
it follows that Vi=kib and V2.=kob. 
For a complex dielectric constant for 
region 2), equations 4 and 5 for the separa- 
tion constants become for € equal to 
unity 


(ki)? =(Vi/b)? = (24 /d)?ei(1 —Jp) +0? 
(Re)? = (V2/b)? = (21/d)?-+1y? (24) 


In writing these equations —(2m/),)? 
was replaced by I? where, =a,+/8,, 
in which B,=27/A, and a, is the attenua- 
tion constant. It is assumed that each 
component of the field intensities is repre- 
sented by the same expression as for the 
case of no losses but with the propagation 
factor e’’— 9) replaced by e/”— 1, 

By substituting equations 23 into equa- 
tions 24, making use of equations 4 and 5, 
and solving for 7, and mp, the following 
expressions are obtained: 


_ ag By —(1/2)p(20°/)%e1 
4 Vi/b 


m 


_ %0Po 


m2 V,/b 


(25) 
If equations 23 and 25, and ¢.—«, = —jad 
are substituted into equations 22 and 
the imaginary part is set equal to zero and 
solved for a,A, the following result is 
obtained for the attenuation per free space 
wavelength: 


1 ai OF /d«, 
Aol 2. (2xb/d)? OF/OVi 
asa ee 26 
ag 2reip— Vi aF/a Vs ( ) 
Vi oF/0V 


The computation of the attenuation 
characteristics of a particular mode is a 
very laborious task. However, Figure 10 
represents characteristics for the TMa 
on shielded polyrod waveguides for 
various radii ratios and an assumed loss 
tangent ¢=3.5%10~4. These curves 
are probably not very accurate for fre- 
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quencies near the cutoff frequency of the 
mode. 

Attenuation due to losses in the con- 
ductor can be approximated by the custo- 
mary methods.’ The quantity H;,?R,/2, 
where R, is the “‘skin-depth” resistance 
and H, is tangential component of the 
magnetic field intensity at the surface of 
the conductor, can be integrated over the 
surface of a unit length of the guide to 
determine the losses. The attenuation 
constant due to these losses can then be 
approximated by dividing these losses per- 
unit length by twice the power transmitted 
through the guide. 
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ATEE TRANSACTIONS 


Transient Response of Small 2-Phase 
Induction Motors 


A. M. HOPKIN 


ASSOCIATE AIEE 


MALL 2-phase induction motors are 

frequently used in the construction 
of servomechanisms in instruments and 
computers. An analysis of the transient 
performance of such motors is desirable 
as an aid in servomechanism design. 
Furthermore it is desirable to determine 
whether or not the 2-phase control motor 
can be considered a linear device over at 
least a limited operating range, since 
present-day servomechanism analysis is 
greatly simplified if only linear devices 
need be considered. 

A set of differential equations for the 
response of an induction motor has been 
derived by others.1_ These equations are 
so complicated that their general solution 
is very difficult. Solutions have been 
worked out through special simplifying 
assumptions,” or through the use of the 
differential analyzer.*4 These solutions 
in general represent special cases. Solu- 
tions have been worked out for the speci- 
fic case of the small 2-phase control motor.® 
The purpose of this paper is to give a 
form of solution which will permit calcu- 
lation of motor response in terms of the 
applied voltages and motor parameters. 

In this paper a general solution for the 
transient response of a 2-phase induction 

_ motor will be developed, based on assump- 
_ tions which are close approximations for 
many control-type motors. From this 
_ general solution the transient response will 
i be derived for the case of a step-voltage 
_ input on the control field, and the steady- 
: state response for a sinusoidally-varying 
_ amplitude voltage applied to the control 
4 field, in both cases with the reference-field 
_ voltage amplitude held constant. 


a 
' 
ee 


ae 


Basic Assumptions 


In order to simplify the problem so that 
cr solution can be obtained, the 
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following four assumptions are made: 

1. The motors have identical windings 
or can be made equivalent to a motor 
having balanced windings by the inser- 
tion of an ideal transformer in series with 
one winding. 

2. The electrical time delays due to 
inductive effects in the rotor and stator 
circuits are very short in comparison with 
the mechanical time constant of the rotor. 
The implication of this assumption is 
that the steady-state and transient torque- 
speed relationships are essentially the 
sane. This assumption is generally valid 
for motors in which the rotor resistance is 
large compared to the rotor inductance, a 
condition which frequently holds true for 
control motors. 

3. The steady-state developed torque- 
speed curves for balanced amplitude sinu- 
soidal voltages applied to the two fields 
can be approximated by the following 
straight line relationship: 


r=xv(i-*) (1) 
wo 


where 


T =developed torque 

K=torque constant 

V=balanced line voltage amplitude repre- 
senting instantaneous voltages of the 
form vq(t)=/2V sin 2zft, w(t)= 
/2V cos 2nft applied to the two 
fields of the motor 

w =instantaneous shaft speed 

#9 =synchronous speed 


The straight line relationship of the 
form indicated in equation 1 holds fairly 
well for usual control motors in which the 
rotor resistance is large compared to the 
rotor reactance at line frequency, provid- 
ing that the impedance of the source is 
low. This assumption may not hold if 
one field is excited by a high impedance 
vacuum tube amplifier. 
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4, The load and friction and windage 
torques are of such a form that their sum 
can be expressed in the form 


Ti =a+bw 


The Development of the Basic 
Equation - 


The reader is referred to Appendix I 
for the development of the mathematical 
expressions. All expressions are de- 
veloped in logical order in Appendix I 
and are numbered in the order in which 
they appear there. 

The general method of approach utilizes 
the method of 2-phase symmetrical com- 
ponent analysis® to compute the expres- 
sion for developed steady-state motor 
torque as a function of shaft velocity and 
field voltage amplitudes, as given in 
equation 4. A differential equation of 
motion, based on the assumption that the 
steady-state and transient torques for 
the same voltages and speeds will be 
identical, is set up as in equation 6. 
This equation is a linear differential 
equation with variable coefficients whose 
formal solution is as follows: 


f* VA*(t) 4 Vp} +2be0 
* 200 x 


We 


_ K[V A2(t) +V B? | +2bwo 
KVaG@) Vs af pat 
J 
(7) 


where J is the combined rotary inertia of 
the rotor and load. 

Equation 7 can be solved for any spe- 
cific form of time variation of the control 
field voltage amplitude. However, nu- 
merical or graphical integration may be 
necessary for the solution. For the first 
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DEVELOPED TORQUE IN INCH-OUNCES 


Figure 1. Developed torque-speed curves for a Diehl type FP-25 2- 

phase motor with balanced applied field voltages. Legend: Curve 

A-20, 20 volts; Curve B-16, 16 volts; Curve C-12, 12 volts; Curve 
D-8, 8 volts; Curve E-4, 4 volts 


case considered in this paper an exact 
solution is obtained. For the second case 
considered certain approximations are 
necessary to avoid numerical graphical 
integration. 


The Response to a Step Change of 
Control-Voltage Amplitude 


For an applied step of control-voltage 
amplitude in which the instantaneous 
applied voltage ug(t)=V2V,4 sin 2rft, 

/ so that V4(t)=V4=constant, the solu- 
tion of equation 7 results in the following 
expression for instantaneous shaft veloc- 
ity: 


t 
Gare) 
@=ass\1l—e (12) 


where 
2ao(K Va Vp—a) ‘ 
oss = (10) 
K( Va?+ Vp?) +2ba 
ats ROT 
K( Va?+ Vp?) +2da 
= effective time constant (11) 
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where 


V4=control-field voltage amplitude 
Vs=constant reference-field voltage ampli- 
tude 


The response to a step change of con- 
trol field voltage amplitude is of expo- 
nential form witha time constant thatis a 
function of the applied field-voltage am- 
plitude, and that becomes smaller as 
either the control-field-voltage amplitude 
V4 or the reference-field-voltage ampli- 
tude Vy, is increased. 

This means that T is nota true time 
constant, 


The Steady-State Response to a 
Sinusoidal Variation of Control 
Field Voltage 


If the instantaneous voltage applied 
to the control field is of the form va(t) = 
V; sin yt sin 2rft, representing a sinusoi- 
dal modulation of the control field voltage 
amplitude, the control field voltage ampli- 
tude becomes: 


Va(t)= Vi sin yt (13) 


where 


V, =sinusoidally varying amplitude of con-_ 
trol-voltage 
y=frequency of variation of the control 
voltage amplitude 


If V; is small, an approximate steady- 
state solution may be obtained by sub- 
stituting equation 13 into equation 7_ 
and integrating, neglecting all terms in-— 
volving higher orders of V;. This process — 
results in the expression: 


where 


_KVa+ 2b 
a QenJ 


These expressions are similar in form 
the solution for a single time-constant — 
linear system with a corner frequency at — 
the point 


KVs*+2b 1 
on EO ee 
Saat tO) ee 


T for case where V4=0 | 


Yo™ 


It must be repeated that these solutions — 
hold only for small amplitudes of Vi. 


Calculation of Displacement 
Response from the Velocity 
Response of the Motor _ , 


Integration of the velocity response — 
expressions of equations 12 and 19 leads — 
to expressions for the displacement re-_ 
sponse. The displacement response for a 
step input is given in equation 21 and 
that for a steady-state sinusoidal input is 
given in equation 23. These equations — 
may be of interest where the motor is — 
used in a position control system. 


Application to Servomechanism : 
Problems = | 

It is generally considered desirable that 
the time constant of the motor-load por-_ 
tion of a servomechanism be kept as _ 
small as possible in order to obtain a vapid 
response. The time constant for the 2-_ 
phase motor-load combination is given in — 
Appendix I as } 


- QanT 
~ K(Vat-+ Vp2)+2ben 


T can be considered as a time constant 
long as V4 and Vs, do not vary time. 
If V4 or Vp does vary with time, then T 
is better looked upon as a factor which 
is an inverse measure of the instantane- 
ous damping in the motor-load combina- 
tion. If it is desired that a servomecha- 
nism give the quickest possible response, 


4 
{ (11) 


ie 


| then it is desirable to have the shortest 
possible time constant for the motor-load 
combination. This would require that a 
) maximum safe voltage be applied to both 
| control and reference fields to obtain the 
quickest response to a step input. 

For a proportional feedback servo- 

mechanism, the voltage applied to the 
control Winding will vary with error, and 
| the damping of the motor will vary ac- 
| cordingly. To obtain the quickest 

possible response it might be desirable to 
maintain the control-field voltage at a 
maximum value to obtain the shortest 
possible motor time constant. This might 
be done by inserting some nonlinear com- 
i ' pensating element in the feedback path 
_ to make the error signal seem large for a 
___ longer period of the response time.’ 
Another suggested approach to the 
| compensation of servomechanisms utilizes 
i a variation of the damping factor to give 
a quicker response without overshoot 
than could be obtained from a linear 
_ system.’ It is possible that this effect 
; could be obtained by manipulation of 
one or both field voltages during the 
transient period of the response. 

Since the 2-phase motor transient re- 
| sponse cannot be expressed in terms of 
linear differential equations with constant 
coefficients, the frequency response of the 
motor is not particularly meaningful ex- 
| cept for the case of small oscillations 
about some operating point. Then the 
theory of small oscillations applies, and 
: the resulting linear response can be used 

for system stability calculations. For 

this case the expression for the frequency 

response is that of a single-time constant 
linear system: 


4s sin (u- tan”) (19) 
IV y+ 8? B 
where the corner frequency is given by 


_ KV 5? +2be 
QoS 
\( 


¥e=6 (16) 

The value of y, will be greatest when 
the reference voltage is largest and J is 
smallest. Equations 16 and 19 apply 
only to speed oscillations about the zero 
speed point. 


Comparison of Computed Data with 
Test Data 


A Diehl type FP-25 2-phase induction 
motor was used to compare calculated 
results with actual test results. 

__ This motor was chosen as a typical size 
and type of 2-phase motor. Motor param- 
eters as obtained from name-plate data 
and tests on this motor are listed in Ap- 
pendix II. Torque-speed curves as deter- 
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DELIVERED TORQUE IN OUNCE-INCHES 


Figure 2. Delivered torque-speed curves for a Diehl type FP-25 2 
phase motor with 20 volts applied to the reference field. Legend: 


Curve A-control field volts =20; 
Curve C-control field volts=12; 


Curve B-control field volts=16; 
Curve D-control field volts=8, 


Curve E-control field volts =4 


mined by test are shown for various 
control- and reference-field voltages in 
Figures 1 and 2. These curves can be 
approximated fairly well by straight lines. 

Figure 3 shows experimental transient 
responses resulting from various step- 
input voltage amplitudes applied to the 
control field with various values of refer- 
ence-field voltages. These responses are 
plotted as the log of (final velocity minus 
instantaneous velocity) versus time. 
These curves are approximately straight 
lines whose slope is the coefficient of ex- 
ponential term involved, and hence, the 
negative reciprocal of the time constant. 

The curvature of these responses in the 
early-time region can be accounted for as 
being the result of another exponential 
term of the approximate form Ce~‘/™ 
caused by electrical time delays in the 
motor winding which were neglected in 
the theoretical analysis. This means that 
the actual system response is of the form: 


weal Ce = Cer 2) 


instead of the form of equation 12. In 
most cases T is sufficiently greater than 
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pe 


0.005 to make equation 12 a good approxi- 
mation. Table I shows a comparison of 
the values of T and w,, obtained experi- 
mentally and those calculated using equa- 
tions 10 and 11. 

The motor also was oscillated about 
zero speed by modulating the control- 
field voltage amplitude at various fre- 
quencies. The attenuation and phase 
shift of the output velocity as a function 
of frequency was observed. Figure 4 
shows a comparison of log-frequency 
curves of gain and phase for experimental 
results and results calculated using equa- 
tions 19 and 21. It will be observed that 
a very good correlation exists except at 
the higher frequencies, where the actual 
attenuation and phase shift becomes 
greater than the calculated values. 
Again this effect can be accounted for as 
being a result of electrical time delays in 
the windings which were neglected in the 
calculations. 


Summary Conclusion 


By making certain assumptions re- 
garding the torque-speed curves of small 
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ee 


2-phase induction motors it is possible to 
write a first-order differential equation 
with variable coefficients for the motor 
speed as a function of time. This equa- 
tion is solved for the case of a step of 
voltage applied to the control field and 
also by approximation for the case of 
small sinusoidally-varying-amplitude volt- 
ages applied to the control winding. The 
solution for the step input is an exponen- 
tial rise of shaft velocity similar to that 
for a linear system except that the co- 
efficient of time in the exponent is a 
function of the step voltage amplitude, 
indicating that the motor does not have 
a true linear response. It is possible to 
obtain a general solution for the case of 
sinusoidally varying amplitude only by 
assuming a very small amplitude of con- 
trol-field voltage, a case which would fit 
the theory of small oscillations. For 
large oscillations of control-field voltage 
amplitude the response seems quite non- 
linear. 

The requirements set up in the initial 
assumptions should be fulfilled sufficiently 
well by some 2-phase control motors that 
equations 10, 11, and 12 will be useful in 
the predicting motor response to step in- 
puts 

In the case of other motors these 
equations may still be useful in predicting 
general trends in performance, (such as 
the trend of damping factor change with 
control voltage changes) which may be 
important in applications of 2-phase in- 
duction motors in servomechanism sys- 
tems. 


Appendix |. Derivation of the 
Basic Transient Performance 
Equation 


Based on the assumption that the torque- 
speed curves for the 2-phase motor with 
balanced applied voltage can be approxi- 
mated as straight lines as shown in Figure 1, 
the relationship between the developed tor- 
que and the shaft velocity can be approxi- 
mated as 


r=Kr(1-*) (1) 


a) 
where 


ounce - inch 

volt? 

V=balanced line voltage amplitude repre- 
senting instantaneous voltages of the 
form v¢(t)=V/2V sin 2xrft, v(t) = 
VW2V cos 27 ft applied to the two 
fields of the motor 


K =torque constant in 


w=shaft angular velocity 
«p= theoretical no-load steady-state angular 
velocity =synchronous velocity. 


The resultant of two unbalanced voltages 
applied to the motor can be divided into 
two components—a forward sequence com- 
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Figure 3. Transient re- 1000 


sponse of a Diehl type 


FP-35 2-phase motor 


with various step volt- 


ages applied to the 
control field. Legend: 


Curve A-reference volt- 


age 8 volts, control 
field voltage 8 volts; 
Curve B-reference volt- 
age 12 volts, control 


oO 
2) 


field voltage 12 volts; 


Curve C-reference volt- 
age 20 volts, control 


field voltage 4 volts; 


Curve D-reference volt- 


ANI: 


age 20 volts, control 
field voltage 8 volts; 
Curve E-reference volt- 
age 20 volts, control- 
field voltage 20 volts 


(W.-W) IN RADIANS PER SECOND 


( 


| 


by {| 


ponent, and a backward sequence compo- 
nent of voltage by using the method of sym- 
metrical components. The components of 
motor torque due to these components of 
voltage can be written 


ie x Valt)+ me S “) @2) 
2 ay) 
T= -x( Oats (142) (3) 


where 


T, =forward-sequence component of torque 

T2=reverse-sequence component of torque 

Va(t)=time-varying control-field voltage 
amplitude, so that vg(t)=+/2Va(t) 
sin 27ft is the instantaneous control 
field voltage 

Vs=constant-reference field voltage ampli- 
tude, so that v(4)=+/2Vzg cos 2Qrft 
is the instantaneous reference field 
voltage 


The expression for the net torque is then 


T=T;+ r= k( Valt)Vp— + Va *) 
0, 


(4) 


By assuming that the friction and load 
torque function is of the form 


Tr=a+bw 


where 


a=coeflicient of coulomb friction 
b=coefficient of viscous friction 


the differential equation of the motor can be 
written as 
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04 06 08 0.10 0.12 14 
TIME IN SECONDS 
dw dw 
= —=atbwtJ — 5 
T=T,+ di a+bw+ at (5) 


where J =effective combined polar moment 
of inertia of the rotor and load. By sub- 
stituting equation 4 in equation 5 and re- 
arranging, there is obtained 


dw | K(Va>(t)+ Vg?) + 2ba 
dt QTexo is 


ae K Va(t) Va-—a 
Hf 


an 


(6) 


Equation 6 can be recognized as a first 
order linear equation with variable coeffi- 
cients whose solution is of the form 

_ (EVA +VB2) +2000 at 


2woF 
w>=eE 


KVa(t) Va —a K[V.A2(t) +V.52)+2bu0 
meee SS 2007 dt 


(7) 
Evaluation of this integral equation may be 
difficult in some cases. Graphical or other 
forms of graphical solution may be neces- 
sary. Let us consider two cases. 


Case 1. Step Voltage Amplitude 

Applied to the Control Field 

Consider the case where v(t) = +/2 Va sin 
2rft, so that V4(¢) = V4=constant. 

By substituting V4(t)= Vain equation 7 
and performing the indicated integrations, 
there is obtained: 


me 2w( K Va Veg —a) 


o= 
K( Va2?+ Vz?) +2be 
= ii K(V42+VR2) +2bu 
Ce 


2007 ]: (8) 


: 
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For the case where w =0 when ¢=0, 


ke 2an( K Va Ve —a) 
K(Va2+ Ve") +2be 


_ [kV a2+VB?) ae) t 
l-e Zot ) (9) 


The steady-state speed of the motor-load 
system will be 


Qin(K VaVe—c) 
K( Va2?+ Vg?) +2da 


@ss = (10) 

The time constant for the exponential 
rise of voltage will be the negative reciprocal 
of the coefficient of ¢ in the exponential term 
of equation 9: 


QJ 


~ K(Vatt Vp?) + 2ban GD 


T represents a true time constant only so 
long as V4 and Vg remain constant. 
Equation 9 can be rewritten in terms of wss5 
and T as defined in equations 10 and 11: 


t 
Wy 
W= Wess a ) 


Case 2. Steady-State Response with 
a Sinusoidally Varying Amplitude of 
Voltage Applied to the Control Field 


Consider the case where v(t) =+/2V; sin 
yt sin 2nft so that V,(t)=Vi sin yt. This 
process represents modulation of the line 
frequency voltage applied to the control 
field. By substituting equation 13 in equa- 
tion 7 and neglecting coulomb damping, a, 
there is obtained: 


(12) 


K(Vi2 sin? yt+VB2) +200 4, 


Q=eE 7 
KV, Ve sin vt 
Ji 
K(V,2 sin? yt+Vp2) tabwo 4 
Fil ‘dt (14) 


The parameter 6 can be determined by 
integration. However, the exact value of B 
leads to a form of equation 14 that cannot be 
integrated by simple means. In order to 
get a solution for small oscillations, the 
value of V; is taken sufficiently small that 
all terms involving V\? may be neglected in 
8. The expression resulting for 6 is 


KVp?+ 26a 
= 1 
al (16) 
ee “dt (17) 


By integrating equation 17 and multiplying 
the result by «—# there is obtained 
_KViVe B sin yi—y cos yt 


J eee ei 


For steady-state operation the Ce—6! term 
disappears. Equation 18 can be then re- 
written in the following form: 


KViVe 


= ————— sin (tan! 2) 
IV +8? B 


(19) 


Equation 19 represents the form of the 


frequency response of a single-time-constant 
linear system. 
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Figure 4. Log-frequency response for a Diehl type FP-25 2-phase motor with constant ampli- 
tude of 20 volts on the reference field and a sinusoidally varying amplitude of voltage on the 
control field. Legend: Curves A and B-DB gain and phase curves with a rotor inertia of 0.1 


ounce-inch?; 


Curves C and D-DB gain and phase curves for a rotor inertia of 0.5 ounce-inch?. 


Thin solid lines-theoretical asymptotes for DB curves; Dashed lines-theoretical phase shift curves 


Case 3. Calculation of the 
Displacement Response from the 
Velocity Response for the Motor 


For a step amplitude of control field 
voltage input the speed response is given by 
equation 12. 


t 
(4 
w = wss\1—e 


(12) 
te 1 _ fb |e 
= wd on) ——eT (20) 
dk ty 
If 4 =0 and f=#, then 
at 
mon tat =) (21) 


The steady-state displacement response to 
a sinusoidal variation of control-field voltage 
amplitude can be obtained by integrating 
equation 19: 


to = K 
9= vata | SET 
I V/ y+ 


v\ |* 
s | yi— tan )] 
( BS Mn 


(22) 


if ¢; =0, f2=2, then 
KVi Ve 


™ 
Se COS he CAM oe 
Spree (+ ] 


cos( tan v1 *)] (23) 


Appendix Il. Ratings and 
Parameters of the Diehl Type 
FP-25 2-Phase Induction Motor 


Rated voltage—20 volts per phase 

Rated frequency—60 cycles 

Rated speed—1,640 rpm =173 radians per 
second 

Synchronous speed—1,800 rpm =188 radi- 
ans per second 

Current—0.7 ampere per phase, practically 
independent of load 

Rated input power—25 watts (12.5 watts 
per phase) 

Maximum delivered power—2 watts 

Rated stalled torque—3.6 ounce-inches 

Torque constant—0.009 ounce-inch per 
volt? 

Rotor inertia—0.077 ounce-inch? alone 
0.10 ounce-inch? coupled to rate genera- 
tor 
0.50 ounce-inch? with added inertia slug 


Table I. Response to Step Inputs 
Experimental Calculated Experimental Calculated 
Reference Control Time Constant T, Time Constant T, wss, Radians wss, Radians 
Voltage Voltage Seconds Seconds Per Second Per Second 
OA Veen MCRETACRO Oc 20) cjnceincetetets ORO UG io orale teneretetereieye ORO UA retwteccisjacaiaa, 0a De is rainy OILS 169 
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Coefficient of viscous friction—0.017 ounce- 
inch second per radian 

Coefficient of coulomb friction—0.020 ounce- 
inch (approximation) 


Appendix Ill. Definition of 
Symbols 


T =developed torque 

T,=forward-sequence component of de- 
veloped torque 

Ts=backward-sequence component of de- 
veloped torque 

Ty =load torque 

V =balanced line voltage 

va(?)=time varying control-field voltage 
amplitude 

V4=constant amplitude of step input of 
control-field voltage 

Vi=amplitude of sinusoidal modulation of 
control-field voltage 

Ye=instantaneous control field voltage = 
/2 Va(é) sin 2-ft. 

% =instantaneous reference field voltage= 
a/2 Vs cos 2xft. 


fsline frequency 

w=instantaneous shaft velocity in radians 
per second 

@)=synchronous shaft velocity in radians 
per second 

wsy =steady-state shaft velocity in radians 
per second 

ounce-inch 

volt® 

a@=coeflicient of coulomb friction 

b6=coefficient of viscous friction 

J=etfective combined polar moment of 
inertia of the motor and load 

?=time 

T =motor time constant 

y =frequency of modulation of control-field 
voltage amplitude 

KV 52+ 2b 


QeoJ 
@=angular displacement of the motor shaft 
in radians 


K=torque constant in 


8=corner frequency = 
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Dielectric Loading for W aveguide 


Linear Accelerators 


GAIL T. FLESHER 


STUDENT MEMBER AIEE 


AVEGUIDE linear accelerators 
have become important as a prac- 


tical means of producing high energy 


particles with the development of high 
power magnetrons and klystrons. They 


_ have several important advantages over 


the circular magnetic accelerators (cyclo- 
tron, betatron, and so forth), the chief 
ones being: elimination of the large, 
heavy and expensive deflecting magnet 
and all its associated problems; elimina- 


_ tion of the difficulty in extracting the high 


energy beam at the output; output beams 
with narrow output energy spectrums; 


_ elimination of the radiation loss limitation 
_ factor at very high particle energies; and 


larger beam currents may be produced. 
The present practical upper limit in 


_ energies attainable from the electrostatic 


type of linear accelerator is about 
12,000,000 electron volts. This limita- 


_ tion is imposed by the direct potential 
_ difference which must be maintained by 


the structure. 


In the microwave type of 


_ linear accelerator the same field is used 
_ over and over again, or perhaps a more 


accurate description would be to say 


- that the same field is used continuously, 


* 
7 


; 


a traveling wave. 
_ to the particle that it is falling through a 
_ very large potential difference given by 


that is, the particles in the accelerator 
“move along in synchronism with the 
accelerating field which is propagating as 
As a result it appears 


the line integral over the path of flight of a 
practically constant electric field. 
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MEMBER AIEE 


If the wave is to appear as a static or 
semistatic field to the particle, the particle 
must be traveling with substantially the 
same velocity as the accelerating wave. 
To accomplish this, the phase velocity of 
the waves must be slowed from their nor- 
mal speed in an empty guide, which is 
greater than the velocity of light, to or 
below the velocity of light, which is the 
least upper bound on the speed of material 
particles. This slowing may be accom- 
plished by loading the waveguide with 
metal disks as is done in all waveguide 
linear accelerators under construction or 
already built which have so far been re- 
ported in the available literature. An- 
other method of loading the guide has 
been suggested by Bruck and Wicher? 
and Frankel* and consists of a continuous 
dielectric loading in the form of a coaxial 
dielectric cylinder in the guide. 

The slowing of the phase velocity by 
dielectric loading may be explained 
qualitatively as follows. The phase veloc- 
ity of radiation in an infinite region of 
relative dielectric constant ¢, is reduced 
from the velocity in vacuum by the factor 


1 
Ver 
Similarly, the phase velocity can be 
lowered from the value in the empty guide 
by filling the guide with dielectric. This 
calculation would be relatively simple if 
the guide were to be completely filled with 
dielectric. However, a hole must be left 
for the accelerating particles to pass 
through, thereby complicating the cal- 
culations. Thus, the first problem is to 
find the values of the dimensions and 
dielectric constants which will allow a 
given phase velocity at a specified fre- 
quency. 

Teasdale and Higgins* have found the 
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electromagnetic fields in the ideal two 
coaxial dielectric waveguide. In the 
lossless traveling-wave type of accelerator 
the accelerating field intensity adjusts to 
the value necessary to propagate the input 
power down the guide. The energy then 
passes out the far end of the guide and is 
lost. In the ldssless standing-wave type 
of accelerator the ends of the guide are 
closed by metal walls so that the energy is 
reflected and may be used over and over 
again, thereby enabling much higher field 
intensities to be obtained. If the losses 
were neglected, the fields in the guide 
would build up to indefinitely high values 
if power were fed in continuously. In 
the practical case, the fields build up till 
there is equilibrium between the power 
being fed in and the power loss in the 
dielectric and metal parts of the guide. 
This paper will examine the dielectric 
loaded case with losses, find the relation 
between the electric accelerating field and 
the input power, guide dimensions, fre 
quency, and material characteristics, and 
examine the predicted performance in 
comparison with the metal disk loaded 
accelerator. 


Electromagnetic Field Structure 


The solution to Maxwell's equation 
subject to the boundary conditions shown 
in Figure 1 for perfectly conducting wall 
and lossless dielectric is, using E,1= 


METAL GUIDE 


The two coaxial dielectric region 
waveguide 


Figure 1. 
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REGION I 
Ey = B,Jn( Kir) cos (nd) (1) 


Bat =| FE Ba (Kyr)— 


es n(x] cos (ng) (2) 


Ew= |e ByJn( Kir) + 


tom Abdi | sin(np) (3) 
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Fz°= A, Jn( Kar) sin (np) (4) 
Hi¢=| - ~ B wn( Kir) — 
Kyr 


A, Jn'( Kir) | sin (nd) (5) 


H »)°= | - ByJn'(Kir)— 
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a yi Ilr) Joos (nd) (6) 
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REGION IL 

Ez) = By Fan( Kar )cos np (7) 


E,,° = | Bz Fryn'( Kor) mad 
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Jnops 


Ki Adln Kr) | 08 (np) (8) 


Egy? -|# By Fran( Kor) + 


fei Asbnn' Ke | sin (np) (9) 
Ky 
Hn? = A2Gnn( Kor) sin (nd) (10) 
wenn 
nt= | BS Baka) 
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a A2Gnn’ cx) |s sin (nd) (11) 


ETRY fap ee dod 
ore By Fyn'( Kar) — 
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where 


jpn 


Kir AdGaa( Ke) cos (mp) (12) 


Ky= — B+w'mMe (13) 
Ko? = — B2+- wes (14) 
? 5 m( Kb) 
Fun Kar) To Riv ; 
nm ) n( Kor) — Vin(Kyb) Yn( Kor) (15) 
Jm'(Kxb) 


Grm( Kor) = Jn( Ke N=> Yn( Ker) (16) 


Ym’ (Keb) 

Fam(Ker) and Gym(Ker) are linear com- 
binations of Bessel functions and hence 
Bessel functions themselves. The first 
subscript gives the order of the Bessel 
function as in all Bessel functions. The 
second subscript has been added to give 
the order of the Bessel functions compris- 


SSS 


ing the constant coefficient. It has been 
necessary to add this second subscript 
rather than letting the first subscript con- 
vey all the information because it is de- 
sired to use all the standard Bessel func- 
tion interrelationships in manipulating 
these new Bessel functions and this intro- 
duces combinations in which the two sub- 
scripts are not always the same. The 
constants A;, As, Bi, and By are related 
by the boundary conditions at the inter- 
face between the two regions. Their 
values are fixed by the power flow or 
stored energy in the guide. The bound- 
ary conditions at the interface require 
the parameters to satisfy the conditional 
equation 


E Jnn'( Kia) 
Kia Jnn( Kia) 
a JInn (Kia) €2 

FE RPE ek 

_(Bnw)? 

~ (KiKea ! 


Me Gnn Ge) 
kan Gun( Kya) 

Fin (ea?) 
Kya Fyn( Kea) 


(u2e2— fuer)? (17) 


Selection of Accelerating Mode 


For the purpose of acceleration of par- 
ticles the most intense z-component ot 
electric field is desired. The mode which 
provides the maximum accelerating field 
for a given input power is the n=0 mode. 
Putting equal to zero in the conditional 
equation gives 


e Jo'(Kia)  e Foo'( Kea) 


SS SES SS SSS El 18 
Kya Jo( Kia) Kea Foo( Kea) 18) 
for TM waves or 

ae Jo'( Kya) ms Goo’ (Kia) 9 (19) 
Kya Jo Kia) Kea Goo( Koa) 


for TE waves. The TE wave is useless 
for a linear accelerator since by definition 
E,=0. Thus for a particle accelerator, 
equation 18 is the simplified conditional 
equation. 

With n=0 the field structure simplifies 
to 


REGION I 

Ex,°=B,Jo( Kir) (20) 
1 

Ee= = BI (Kr) (21) 
Ky 

Hye BR) 

$l Roe iv (22) 

REGION II 

Eizs = By Fo( Kor) (23) 
5B 

Eta Bo Fyo( Ker) (24) 
1m» 

Hytnlat By Fyo( Kor) (25) 
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Specialization of the Conditio 
Equation 


The conditional equation 18 may be re 
written as follows 


* 


6 KoJi(Kia) 

Ji( Kee) —— SS 
nike) 7 
Vo( Keb) 7 6 K2Ji( Kia) 
Vi (kee) — SS ¥ 
ioe) eK, Jo( Kia) et) 4 
(26) 
Where K, and Ke rewritten are : 
ra) Cc 4 
ee Roe 27) 
Ki= ze V,2 ( 
ay C2 ‘ 
Sa. 28) 
K2= C Mer€or V,2 ( ) 

where 

Kn = Bnr Ho 3 (29) 
€n = Enr 0 (30) 
Cone 1) 
Ni ike i 


Equation 26 relates all the dimension 
and material parameters of the guide with 
the accelerating wave frequency and phase 
velocity. With only the one conditional 
relationship to satisfy all the parameters 
except one may be chosen freely. To re- 
duce computational work the following 
dimensionless quantities are used: 


Vs} cae 
Mir, Kars €iry €2rs C ’ G. # 

Four conditions imposed by available 
materials and accelerator requirements 
simplify the conditional equation. These 
are: Nearly all dielectrics have the 
permeability of free space, hence 


Mir = Mor = 1 (32) 
Region I must be free space to permit the 
passage of the particles to be accelerated, 
thus 


(33) 


qr=1 


and if the phase velocity of the accelerat- 
ing wave is less than the velocity of light, 
the accelerated particles will be limited te 
finite energies. If the phase velocity is 
equal to that of light in free space (v» = C) 
the highest output energies attainable 
will be limited by the input power and 
the length of the accelerator. Therefore 
if the maximum energy is not to F 
limited by the phase velocity 


Up 4 | 
art se 
With these conditions Fl 


K,=0 (3: 


AIEE TRansactiol 


j 


Figure 2 (left). 


Solution of the 
conditional equa- 


tion for the TMos 


mode 


Figure 3 (right), 


(36) 


and the conditional equation simplifies to 


Koa 
Jo( Kab) Seale Qeor Jib Ks0) 


Yo( K2b) r oe 


Koa 
Yi(Kea)——— Yo(Kza) 
ear 


Under these conditions the field in region 
I simplifies to 


Ez,°=B, (38) 
iBB 
Ep = 102: (39) 
2 
B 
y= 9 (40) 


In addition to the limitation placed on 


“the particle energies obtainable by phase 


velocities less than that of light in free 
space there is another disadvantage. 
_ This comes about because when 2,/C <1, 
_ Ky becomes imaginary and J)(Kir) be- 


comes the modified Bessel function Jp. 


_ This has the undesirable feature that it 


; 


is a minimum on the axis instead of a 
- maximum as is J». 


Furthermore, lower 
phase velocity means more dielectric,‘ 


hence greater losses and lower accelerat- 


- fields. 


Solution of the Conditional Equation 


f Since every variable occurs in at least 


me Bessel function argument, the most 


_ practical method of solution will be the 


ne which specifies the greatest number of 
essel function arguments. If e, and 
C are chosen, Ky a is known from 
tion 36 and the right member of 
ion 37 is completely determined. 
is Keb, the only unknown in the left 
ber may be found. This method of 
ion was used. It was found that 
ations using curves representing 
binations of Bessel functions such as 
second term of equation 18, as sug- 
ted by Teasdale and Higgins,4 and 
ner,’ or the left member of equation 37, 


VOLUME 70 


Solution of the 

conditional equa- 

tion for the TMoz 
mode 


ie) 
aol 


0.02 


as suggested by Frankel? were not ac- 
curate enough for certain critical field 
calculations. In Bessel functions, as in 
all oscillatory functions, a small percent- 
age error in a large argument may mean a 
large percentage error in the value of the 
function. Volume VI of the British 
Association Mathematical Tables® was 
used to obtain the values of the Bessel 
functions. 

The oscillatory nature of Jy and Y, pro- 
vide an infinite number of values of Kab 
for each choice of €, and aw/C. These 
solutions are labeled in the usual way 
followed for transverse eigen values. 
The smallest value of K2b determines the 
TM mode, the next larger value deter- 
mines the 7Mo. mode, and so forth. 

The results of the solution of equation 
37 for the first three modes are shown 
graphically in Figures 2,3,and4. Curves 
are given for values of @,=2.5, 5, 10, 50, 
and 82. If the parameters satisfy the 
relations shown on the graphs, the guided 
wave will have a phase velocity V,=C. 
The following conclusions may be drawn 
from the curves. 

1. For a given €, and aw/C, higher 
modes require larger b/a. 

2. For constant aw/C, the larger €2, is, 
the lower the necessary b/a. 

3. Asaw/C gets larger, b/a approaches 
unity for all €,. 

4. For constant €, the curves asymp- 
totically approach constant values of 
bw/C as aw/C becomes small. 

Result one indicates that the higher 
modes should not be used in an accelerator 
because for a given aw/C they require 
larger values of b/a and hence larger en- 
closed guide volumes. For a given input 
power, this means smaller energy density 
and hence lower accelerating fields. Re- 
sult two is the manifestation of the 
greater slowing effect of the higher dielec- 
tric constant on the waves in the guide. 
The third result expresses the fact that 
very little dielectric is needed for slow- 
ing the wave when the cross section of 
the guide is very large. The fourth result 
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0.05 


states that the effect of the presence of 
region I becomes negligible as its radius 
becomes small. 


Method of Determining the 
Accelerating Field for the 
Standing Wave Accelerator 


There are two schemes with which the 
waves may be utilized in the linear ac- 
celerator. The traveling-wave type al- 
lows the accelerating fields to build up to 
the value necessary to sustain the power 
flow and losses in the guide. When the 
wave reaches the end of the guide, its 
remaining energy is lost in the matched 
termination. In the standing-wave type 
of accelerator the wave is reflected at the 
termination and travels back to the input 
end of the guide where it is again reflected 
and combines with the input wave, thereby 
strengthening the accelerating field, which 
is the positive traveling wave. For the 
present, the standing-wave type will be 
studied; an examination of the traveling- 
wave accelerator will be given later and a 
comparison of the two types will be made. 

The peak accelerating field on the axis, 
which is desired as a function of the input 
power, frequency, and guide parameters, 
will be designated as E and from equation 
20 is 


E=B, (41) 


The fields in the standing-wave type 
accelerator are found by adding the fields 
of the incident and reflected waves. 
This gives for 


REGION I 
En, =2EJo( Kir) cos (B2)e"™ (42) 
28 : ; 
En, =— EJ,(K:r) sin (82)e7* (43) 
Ky 
Ha=j = EJ,(Kir) cos (Bz) (44) 
1 
REGION II 
Ey, =2B2Fy( Kor) cos (82)e"” (45) 
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my ~~ 


Ena ByFy(Ker) sin (Bz)e" (46) 
2 


Ques %f 
pai By Fio( Kor) cos (Bz)e : 
Ky 


Hy=j (47) 


For K,=0 the fields in region J reduce 
to 
Ex =2E cos (B2)e!™ (48) 
En =BEr sin (Bz)e"” (49) 
Hg. =joeEr cos (Bz)ei* (50) 


To satisfy the vanishing of the radial 
electric field at the reflecting termination 
of the guide 


sin (82) =0 


and hence the length zp is required to 


satisfy the condition 
me— 1=0,1, 2) 8;,4,.8,6) 4504; 


The /=0 solution means that either 
z9= 0 and hence zero accelerator length, or 
that B=0, hence no traveling wave, and, 
therefore, of no interest here. For ac- 
celerators operating in the neighborhood 
of ten centimeters, values of / between 10 
and 20 are of interest. The accelerator is 
then operating as a resonant cavity in the 
T Moy mode. 

In the interest of generality, the choice 
of €;,=1andv,/C=1 and the consequence 
K,=0, shall not be imposed until after 
the expressions involving K, have been 
found, 

B, is found from the boundary con- 
dition at the interface of the two di- 
electric regions and is 


Jo( Kia) 


Bo=E 
nas 


(51) 

In the steady-state condition the power 
input to the accelerator is equal to the 
power dissipated. 


Pin=PatPm (52) 


where Pj, is the total input power, P, is 
the power dissipated in the dielectric, and 
Pn, is the power dissipated in the metal 


walls. For low beam currents the power 
absorbed by the accelerated particles is 
negligible. Pz and P,, are functions of E 
and the various parameters. These are 
substituted into equation 52 which is 
then solved for E in terms of the various 
parameters and input power. 


Dielectric Losses 


Losses similar to hysteresis losses in 
iron occur in dielectrics at microwave fre- 
quencies. For good dielectrics, these 
losses are small and do not appreciably 
disturb the fields. Therefore, the dissipa- 
tion may be found by calculations based 
on the fields for the lossless case. 

Losses for a material are normally 
accounted for through the use of a finite 
nonzero conductivity o¢ which enters the 
Helmholtz equation for the electric field 
as follows 


V 2E =jou(o+jwe)E (53) 


and similarly for the magnetic field. For 
good insulators the conductivity at very 
low frequency and direct current is prac- 
tically zero; however, the losses increase 
roughly (irregularly so in general) with 
frequency and hence the material has to 
be characterized by a variable conduc- 
tivity. It is most desirable to charac- 
terize materials by constants and this de- 
sire may be more closely fulfilled by fac- 
toring an w out of the conductivity and 
using the remaining factor (o¢/w) as the 
new characteristic parameter. Ifa also 
is factored out, the new factor may be 
combined with the dielectric constant to 
form a complex dielectric constant which 
characterizes both the capacitivity and 
the losses. The Helmholtz equation 
then may be written 


VB = — we E (54) 
where 
em e—je (55) 
and 
jase. 
Sans (56) 
Figure 4 (left). 
Solution of the 05 
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tion for the TMo 
mode 


Figure 5 (right). 


conditional equa- 0.4 ARS 


This loss characteristic factor is mot nor- 
mally tabulated but its ratio with the 
capacitivity and is called the loss tangent 
é 4 a 

tan 6=— (57) 
€ 

The average density of power loss is 
given by 


5 |e E*| ve 


which in terms of the loss tangent is 
we tan 6 |E-E*| 

2 
The integral of this over the volume occu- 
pied by the dielectric gives as the power 
dissipated in the dielectric 


rem ff fe ete (58) 


For the T My case and dielectric in Regio 
II only, this becomes , 


= 


(E,E,*+E,Ez*|rdrd¢dz (59) 


co 


Substituting in the field components from 
equations 45 and 46 gives | 


Pq=2we tan 6Bo?X 


ihe Ale fk Fo2( Ker) cos? (82) + ; 
) 


Ea Pot Kar) sin? (62) panda (60 


3 

Integrating and eliminating B, with 
equation 51 =| 
f 

2 : 


w 
Pqa=Twe tan 6E%a4z9 or 


1p a J(K.a) ‘a 
aid Kia Fy(Kaa) ; 


Esa sn an He 
Koa € Kya ; 
2a[ BC? Ji(Kia) F 
2ef 26 nee =e Jo(Kxa) it (61) 


Introducing the special case. (%=C, 


Calculated varia- 
tion of the di- 
electric power 


loss with the 


electric field 

strength and the 

normalized __ di- 
mensions 


50 10.0 
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Figure 6 (left). Calculated 


variation of the metal guide 


wall power losses with the 
electric field strength and 


the normalized dimensions 


€r=1, Ki=0) and rearranging, equation 
61 becomes 


a tan }-4i ( ay 
Pawo 4\C 


€or +1 ee 

4 2 
aw \? (62) 
(<) 


The values of Figure 4 are used with 
equation 62 to obtain Figure 5. 
The combination 


| (° Fio(Kab)\? 
a Fyo(K2a) i 


Jo( Keb) 
Fol Ke) Tyas) OO 
Fyo( Koa) Jo( Keb) 
TMaa)— vb) Yi( Kea) 


is one that occurs often in the calculations. 
Since it appears in terms of comparable 
magnitude which are subtracted from one 
another, it is necessary to calculate this 
combination accurately. 

For a constant loss tangent and power 
input per-unit length, the following con- 
clusions can be drawn from Figure 5. 


1. As aw/C gets small, E asymptotically 
approaches a constant value for each ¢9;. 


2. For a given e;, E becomes less as aw/C 
increases. 


8. For a given aw/C, there is a maximum 
value of E as €2; is varied. 


J Result two is, due to the increase in 
volume of the guide with increasing “a” 
_ thereby reducing the energy density and 
_ hence lowering the accelerating field. 
_ The third result shows that there is an 
optimum value of dielectric constant. 
_ Fora constant aw/C, a small €, requires a 
large value of b/a, and hence large volume, 
; low energy density, and a low accelerating 
; field intensity. As €, is increased b/a de- 
creases which decreases the volume, in- 
creasing the energy density and hence 
increasing the accelerating field. As 
the dielectric constant is increased fur- 

_ ther, more of the energy is concentrated 
4 in the dielectric and less in the center 
region; the losses for a given field inten- 
sity thereby go up. Higher &, nullify 
\ 
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Figure 7 (right). Calculated 

electric accelerating field 

strength for a fixed inner 
radius and frequency 


the first increases and the. accelerating 
field is decreased, thereby admitting a 
maximum value of L. 


Guide Wall Losses 


The finite conductivity of the metal 
walls of the guide introduce additional 
losses. For good conductors, these losses 
are small and do not appreciably disturb 
the fields. The perturbation of the elec- 
tric field at the wall can be obtained from 
the unperturbed magnetic field (magnetic 
field for the lossless case) at the wall. 
The perturbation of the magnetic field is 
negligible but the perturbation of the 
tangential component of the electric field 
is the entire tangential component since 
the unperturbed tangential component at 
the wall is zero. The tangential electric 


field at the wall is given by 
Ez = —Z;Hy (64) 


where Z, is the intrinsic surface imped- 
ance of the metal and is given by 


Zs = Rs +joLls =(1+)) ee (65) 
o 


Complex Poynting’s vector giving the 
average power flow density into the metal 
wall is 


\ 


(66) 


1 Rs 
P, =-@( —E,Hg*)=—|H|? 
gga, ( lg") a 6! r=bd 
Integrating this over the inner surface of 
the guide gives the average power dis- 
sipated in the metal walls as 


R 
Pane ff ras 


Substituting in the field component from 
equation 47 gives 


(67) 


By? 
= — Rs Fo Keb) X 


[a cos? (Bz)bdddz (68) 
0 


Integrating and eliminating Bz gives for 
the general Ky 


jd 
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Axial Electric Field 


Fio( Kb) Ae) 
Fyo( Koa) Kya 


Pm = 2r29ba*Rs Ee 
(69) 


For K,=0 this reduces upon rearrange- 
ment to 


nl — Reve. (ia “2 b ri) |; 
a 7 2 
Pmwpo 70 2\ C) a Fo Kea) 


(70) 


where 


Ho 
n= ra =pmoC 
€0 


is the impedance of free space. 
70 is presented in Figure 6. 

For a given metal, power input per-unit 
length, and frequency the following ob- 
servations are made: 


Equation 


1. For a given e,;, H asymptotically 
approaches a constant value as aw/C be- 
comes small. 

2. Fora given e;, E decreases as aw/C in- 
creases. 

3. For sufficiently large aw/C, E decreases 
aS €or increases. 

4. For aw/C<0.15 there is a maximum £ 
as €s7 varies. 


When e, is increased the field strength 
at the walls is increased sufficiently so 
that the accelerating field E is actually 
decreased when aw/C> 0.15. When aw/ 
C<0.15 a maximum £ occurs with varia- 
tion in &,. If a=0 the maximum acceler- 
ating field intensity occurs when &,=4. 
From consideration of particle beam size 
the inner radius must be such that at 
3,000 megacycles aw/C>0.3. Thus, it is 
desirable to keep the dielectric constant 
as small as possible in order to keep the 
metal losses as low as possible. 

The losses in the reflecting end plates 
of the accelerator have been neglected 
because of their small area compared to 
the cylindrical wall area. 
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METAL GUIDE 


A three region dielectric loaded 
accelerator waveguide 


Figure 8. 


Axial Accelerating Field 


Solving equation 62 for Py and equa- 
tion 70 for P,, gives 


Eso tan 6 
P= (71) 
Ya wKo 
E*a)Rs 
Pr= —— (72) 
Ym “@HONO 
where 
BEE 
on \4 (i a Fyo( Koa) 
Men se ie ; 
(73) 


() 


which is plotted in Figure 5, and 


mfaw\% b Fy2(Keb) |-+ 
eS) SSS h = == || 6 (74) 
2 Gi a Fyo*( Kea) 
which is plotted in Figure 6. 
Substituting equations 71 and 72 into 
equation 52 gives for the accelerating 
field intensity 


E= & ome ten? re Rs in| Lge : 
Zo ya? Ym? 


This is the equation we have been look- 
ing for and 


(75) 


E 


V Pin/% 


is plotted in Figure 7 as a function of &, 
for different values of tan 6 for the case of 
the copper guide walls (R,=1.427X1072 


(76) 


For copper ¢=5.8X10' mhos/m giving 
at f=3,000 me. 


Rs/m=38.79 X 10-5 (77) 


Thiscanbecompared withtan6=3.0 X10“ 
for polystyrene, one of the best low loss 
dielectrics. Thus, if polystyrene is used 
for loading, the losses in the dielectric will 
be about ten times the losses in the metal. 
From the standpoint of use in a linear 
accelerator polystyrene is an excessively 
loss dielectric. Fused quartz with tan 
5=6X10-* is a great deal better but still 
leaves much to be desired in the way of low 
loss dielectrics. 

Even though the dielectric loss is great, 
the calculated value of the accelerating 
field intensity is in the same range as that 
obtainable from the metal disk loaded 
linear accelerators as shown in Table 1. 

In this table, the disk loaded accelerat- 
ing fields are calculated from a paper by 
Slater.! Early theoretical work was done 
by Hahn,’ Chu and Hansen,’ and Fry et 
al.° 


Traveling Wave Accelerator 


The traveling-wave type of accelerator 
has a third kind of power loss in addition 
to the metal and dielectric losses. This 
loss is the power which must flow out the 
end of the guide to the matched load. 
For a guide length 2, the power balance 
for equilibrium is 


Pin=PaZit+PmZitPou (78) 


Here it is more convenient to work with 
the power dissipation per-unit length 
which in terms of the total dissipations 
for the standing-wave type are 


Pa 

ba aya (79) 
Pm 

Pm OZ, (80) 


Therefore, the dissipated powers per-unit 
length are 
_ FE tand 


= 
2ya7auo 


(81) 


ae E*Rs/no if 


= (82) 
mt Qym Peon 


The power flow down the guide is given by — 


P=yu (83) 


where v, is the group velocity and u the 
stored energy per-unit length. For the 
case where the microwave power sources 
are so arranged that the power flow and. 
stored energy per-unit length do not vary 
over the length of the guide, the power 
flow out of the end of the guide can be 
obtained from equation 83 using 


FE? 
2wuo 


w= A (84) 
where A depends on the parameters only. 
Thus, the outflow is 

AEF? 


Pout =% > 


85 
an (85) 


Substituting equations 81, 82, and 85 into 
equation 78, gives an accelerating field 


Rs/no a (86) 


Ym? Zi 


The traveling-wave type of accelerator 
has the disadvantage that the power flow 
out of the termination reduces the ac- 
celerating field intensity as is shown by 
the presence of v,A/Z, in the equation 86. 
However, the traveling-wave type of ac- 
celerator has the advantage that there is 
no reflected wave to dissipate power in the 
dielectric and metal walls, and hence the 
accelerating field intensity is increased by 
the ./2 factor. Whether it is most 
advantageous to use the standing-wave 
type or the traveling-wave type depends 
on which gives the greatest accelerating 
field intensity for a given input power. 
For a short accelerator the term 7,4/Z, 
will be large and cause E to be small, 
hence the standing-wave type is the best 
for a short accelerator. For a long 
accelerator 2,4/Z, will be small and the 
accelerating field intensity in the travel- 
ing-wave type will be almost +/2 times as 
big as that in the standing-wave type, 
hence the traveling-wave type is best 
for a long accelerator. Next it is neces- 
sary to determine what is long or short. 


Table |. Comparison of Calculated Accelerating Fields 


ohms), f=3X10°~, @=0.955 cm, and 
V Pin/Zo= 108 (ma/m) 2, 

Since yg and y, are the same order of 
magnitude over the range of e, of interest 
equations 71 and 72 show that the ratio of 
power lost in the dielectric to power lost 
in the metal is approximately 
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It is important to point out here that the 
distribution of power sources along the 
guide is quite different for the two types 
of accelerators. In the traveling-wave 
case there are power sources distrib- 
uted along the guide which must 
supply power lost through attenuation in 
order to keep the field intensity constant 
over the) accelerator length. In the 
standing-wave type, if the attenuation 
over the length of the accelerator is small 
all of the power may be put in at 
the input. 


Standing Wave Versus Traveling 
Wave 


The length of accelerator for which the 
accelerating field intensity is the same for 
both traveling and standing wave opera- 
tion is called J. This obtained by 
equating 75 to 86, which gives 


ri) meat 
banal 4 Relno » | 


ya? Ym? 


(90) 


Hence for z;</) the standing-wave type 
accelerator gives the greatest field intensi- 
ties. For 2:>)) the traveling-wave type 
accelerator gives the greatest field intensi- 
ties. The length of accelerator over which 
the standing-wave type of accelerator has 
the advantage is directly proportional to 
the group velocity. 

For polystyrene and aw/C=1.0, the 
length J,>=21.0 meters. If the loss tan- 
gent were zero, the length would become 
l= 152.0 meters. 


Heat Dissipation 


Tremendous peak power inputs give a 
large average power input to the small 
volume of a linear accelerator and hence 
require that a considerable amount of 
heat be dissipated. For example, a 2- 
microsecond pulse of 1 megawatt re- 
peated 500 times a second means an 
average power dissipation of 1,000 watts. 
Metal disk loaded guides are capable of 
conducting the heat away rapidly, but the 
dielectric lining of the dielectric loaded 
guide has a very low thermal conductivity 
and hence the equilibrium temperature 


will be very high. For the case of poly- 
styrene operated at 1 kw per meter with 
aw/C=1.0 the equilibrium operating 
temperature will be over 260 degrees 
centigrade. For the case of fused quartz 
operating at 1 kw with aw/C=0.6 the 
operating temperature will be over 45 
degrees centigrade. 

There is an important difference in 
heating effects between standing and 
traveling wave operation. The power 
dissipation is uniform over the length of 
the dielectric for a traveling wave, but the 
standing wave causes regions of peak dis- 
sipation and high temperature; an 
important point when considering maxi- 
mum temperatures. With the dielectrics 
operating at such temperature ranges it is 
necessary to know how the loss tangent, 
dielectric constant, and temperature 
coefficients vary with temperatures over 
the operating ranges. At present, very 
little information of this type is available. 

Dissipation of the thermal energy ap- 
pears to be the principle drawback to the 
dielectric loaded type of accelerator. 


Mode Separation 


Unlike the disk loaded accelerator 
excitation of undesired modes does not 
seem to bea problem. With the accelera- 
tor being fed by pulses a spread of fre- 
quencies around the principle frequency 
will be present. With b and a specified, 
the frequencies required to excite higher 
TM modes can be found from Figures 2 
and 38. When the frequency is 3,000 
megacycles and aw/C=1.0 the poly- 
styrene loaded accelerator requires a fre- 
quency of 7,400 megacycles to excite the 
TM. mode. When using a _ 1-micro- 
second pulse the amplitude of the TMo 
mode will be more than 10,000 times 
smaller than the 7M mode. 


Miscellaneous Considerations 


Other problems of dielectric loaded 
linear accelerators are dielectric break- 
down from high electric field intensities, 
dimensional tolerances, absorption of 
gases in the dielectric, and accumulation 
of surface charges on the dielectric. 


Other Dielectric Configurations 


The losses in the metal wall of the guide 
are influenced by the magnitude of the 
dielectric constant of the material adja- 
cent to them. Therefore, to minimize 
losses and still maintain the desired phase 
velocity an additional region of suitable 
dielectric material should be introduced. 
This indicates that the three region guide 
shown in Figure 8 would have lower losses 
and hence a higher accelerating field inten- 
sity than the two region guide for a given 
input power. 


Conclusions 


1. The predicted accelerating field strength 
of the two region dielectric loaded linear 
accelerator is shown to be of the same mag- 
nitude as obtained with existing metal disk 
loaded types. 


2. A criterion dictating the choice between 
the standing-wave and traveling-wave type 
accelerator is presented for the case of uni- 
form fields. 


3. Improved dielectric configurations and 
lower loss dielectrics will allow the dielectric 
loaded accelerator to give higher accelerat- 
ing field intensities than the metal disk 
loaded type. 
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Effect of the Duration of Voltage Dip 
on Cyclic Light Flicker 


L. BRIEGER 


ASSOCIATE AIEE 


LICKER, as considered in this paper, 

is the sensation of change in the illumi- 
nation intensity or in the brightness of 
stationary objects. Only one phase of the 
flicker problem will be discussed, namely, 
the cyclic flicker due to the fluctuations 
of voltage at the terminals of the electric 
lights which produce the illumination. 
The performance of 100-watt incandes- 
cent and “white’’ fluorescent 
lamps in particular will be covered. 


15-watt 


It is customary to treat flicker in two 
general groups: cyclic and noncyclic. 
Cyclic flicker is caused by periodic voltage 
fluctuations such as may be produced by 
the operation of a seam welder, while 
noneyelic flicker is due to occasional volt- 
age dips, such as may be caused by the 
random operation of a spot welder. A 
comprehensive report, prepared by the 
Plectrical Testing Laboratories under 
the direction of Utilities Co-ordinated 
Research, Inc., in 1937! summarized the 
information available at that time on all 
types of flicker. With respect to cyclic 
flicker, which is the primary subject of the 
present paper, the 1937 report was con- 
fined apparently to symmetrical forms of 
voltage pulsation, Figure 1. Most of the 
data were obtained with sinusoidally 
pulsating voltage; some were rectangular 
in form, that is, both the dip and the re- 
covery of voltage were abrupt. Saw 
tooth and cusped wave forms also were 
used in a few instances, but none of the 
investigations were concerned with the 
effect of the dip duration on the percepti- 
bility of flicker, 

As the flicker produced by nonuniform 
voltage fluctuations is of practical im- 
portance, particularly in problems asso- 
ciated with welder supply, the effect of 
the duration of the voltage dip on the 
perceptibility of cyclic flicker was made 
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the subject of a systematic study and the 
results are given herein. Figure 1(B) 
illustrates the type of voltage change 
which was studied and its table outlines 
the range of the investigation. The tests 
were made in 1939, ; 


Range of Investigations 


The flicker produced by 100-watt 
incandescent lamps was observed under 
dips of 1/2, 1, 2, 5, and 10 cycles’ duration. 
In each series, the recurrence of the dips 
was varied between 0.033 second (in some 
cases) and ten seconds, which corre- 
sponded to a frequency of voltage fluctua- 
tions between 30 per second (in some 
cases) and 1/10 per second. The voltage 
changes were produced abruptly. Studies 
on fluorescent flicker were limited to dips 
of one and five cycles. 

Flicker perceptibility varies consider- 
ably among apparently normal indi- 
viduals and it is also greatly affected by 
the degree of intentness or casualness of 
the observation. In addition, the wattage 
of the lamps used, the level of the illumi- 
nation, and a great many other factors 
influence the visibility of flicker. An 
independent study of all of these factors 
was not necessary as the 1937 report? 
deals adequately with them. The effect 
of individual variations and the intent- 
ness of observations, however, were taken 
into consideration by using a large num- 
ber of observers and by segregating the 
observations into two general categories: 
intent and casual. 


Method of Testing 
During intent observations the initia- 


tion of each flicker condition was an- 
nounced and the observers were asked to 
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view the objects best suited individually 
for the detection of flicker. At the thresh- 
old between perceptible and nonvisible 
flicker, the voltage changes sometimes 
were impressed and removed without the 
observers’ knowledge and they were 
asked to call these changes. Votes were 
taken verbally. 

In the series of casual observations, the 
observers were engaged in some work such 
as reading, writing, computations, or 
conversation, and they were unaware of 
the nature and the time of application of 
the flicker, After the flicker was re- 
moved, the observers voted by secret 
ballot as to whether the flicker was per- 
ceptible and, if so, whether it was con- 
sidered objectionable. 

Figure 2 shows the general arrangement 
of the six Illuminating Engineering Soci- 
ety luminaires each with one 100-watt 
inside frosted Mazda lamp, arranged on a 
table around which were seated the ob- 
servers. The series of tests for the study 
of fluorescent flicker was made with one 
15-watt white fluorescent lamp with a 
reactive ballast. Surface illumination at 
the table varied between 15 and 40 foot- 
candles during the study of incandescent 
flicker, while fluorescent flicker was 
studied under a surface illumination of 
approximately 16 foot-candles. 

Recurrent voltage dips were produced 
abruptly at the lights by means of elec- 
tronic timing and control equipment, 
Figure 3. A vacuum-tube loading cir- 
cuit, connected in parallel with the lamps, 
applied additional load on the supply cir- 
cuit at intervals determined by the opera- 
tion of the timing circuit. This additional 
load caused an incremental voltage drop 
in the resistor (Rw) connected in series 
with the lamps, thus producing a dip at 
the lamps. Magnitude, duration, and 
frequency of the dips were measured by 
means of a cathode-ray oscilloscope with a 
9-inch screen. In order to measure the 
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magnitude of the dip, a biasing battery 
was connected in series with the amplifier 
input circuit; thus, only the peaks of the 
voltage waves appeared on the screen 
and the oscilloscope functioned as a dif- 
ferential voltmeter of high sensitivity. 
The duration of the dip was noted from 
the number of halfway peaks appearing 
on the screen. Dips were initiated near 
the zero of the supply voltage wave. 
Figure 4 shows the appearance on the 
screen of a 1.5-volt rms voltage dip lasting 
two cycles. 


Results of Observations on 100-Watt 
Incandescent Lights 


A sample of the results is given in 
Figure 5, which pertains to the percepti- 
bility of flicker under voltage dips of 5- 
cycle duration under intent and casual 
observation. Each test condition im- 
posed on the observers is represented by 
a block, the width of which indicates the 
size of the observer group. The blocks 
are divided into an upper (shaded) and 
lower (unshaded) part in the same pro- 
portion as the ratio between affirmative 
(flicker) and negative (no flicker) votes. 
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Type and range of voltage fluctuations investigated 


Where the flicker was observed by all 
observers, a totally shaded block is used, 
while a blank block indicates that none 
of the observers noticed the flicker. The 
curves drawn on the figure represent the 
average of response. The figure illus- 
trates pictorially the variation in the 
flicker sensitivity of observers and the 
fact that in investigations of this sort 
scientific accuracy cannot be expected. 
A comparison of the two types of observa- 
tion brings out the appreciable decrease 
in the perceptibility of flicker when 
engaged in some activity requiring a 
measure of concentration. The reduced 
consistency of response is largely due to 
different degrees of concentration, and, 
as is to be expected, the range of response 
becomes even wider when voting on the 
objectionableness of flicker. Because of 
the fact that the observers were ac- 
quainted with the nature of the problem, 
their opinion was probably biased in the 
direction of considering relatively small 
variations as objectionable; thus, while 
the curves indicate trends, the objection 
thresholds shown below may be lower 
than experience in actual service would 


indicate. 
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Test equipment for the production of flicker 


Figure 6 is a summary of the results 
obtained with 100-watt incandescent 
lamps as illuminants. Each group of 
curves represents a single dip duration 
and the three curves in each group are 
the average thresholds of perception for 
intent and causal observations and the 
average threshold of objection. 

Under intent observation, flicker seems. 
to be most perceptible when the voltage 
dip lasts two to five cycles, at all flicker 
frequencies investigated. The spread 
between the threshold curves is relatively 
smaller under casual observation, but 
the general trend is the same as for intent 
viewing. It is significant that, on the 
average, the observers considered the 
flicker objectionable when the voltage 
was only slightly above the casual tnresh- 
old. 

The points marked with X represent 
symmetrical pulsations, that is, equal 
periods of dip and normal voltage. A 
plot of these points as a function of the 
flicker frequency, Figure 7, is the type of 
flicker characteristic heretofore available 
in the literature. For comparison, data 
obtained by Lindberg on the most sensi- 
tive 10 per cent of his observers" and tests 
reported by Weise? also are shown, The 
general shape of the curves is the same; 
the disparities are due to differences in 
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the many factors that influence flicker 
visibility. 


Flicker of 15-Watt Fluorescent Lamp 


Intent observations only were made at 
dips of one and five cycles and the results 
are shown in Figure 7. The difference 
between the performance of incandescent 
and fluorescent lamps is due to funda- 
mental differences in the performance of 
these illuminants, 


1. The change of illumination of a fluores- 
cent lamp under a sustained change of volt- 
age is less than one-half that of an incandes- 
cent lamp (1.2 per cent per volt for the 
fluorescent, and 2.7 per cent per volt for the 
incandescent lamp). 


2. Fluorescent lamps respond much quicker 
to the change of voltage. The illumination 
of incandescent lamps changes slowly due to 
the heat inertia of filament; fluorescent 
lamps have no similar heat inertia and the 
relatively slight lag of illumination change 
is due to the phosphorescent ‘‘afterglow”’ 
of the coating materials of the tube. 


These two factors affect the flicker per- 
formance in opposite directions. If the 
voltage dip lasts for a sufficient length of 
time so that the filament of the incandes- 
cent lamp can attain its new thermal 
equilibrium, the net change of illumina- 
tion of the incandescent lamp will be more 
than that of the fluorescent lamp for the 
same voltage change. On the other hand, 
under rapid fluctuations of voltage the 
incandescent lamp will attain only a frac- 
tion of its total illumination change, con- 
sequently the incandescent lamp may pro- 
duce less flicker. Weise’s data show that 
the flicker of incandescent lamps is greater 
when the frequency is less than 15 per 
second, Our studies were not sufficiently 
wide in scope to allow direct comparison 
with Weise’s data at all frequencies but 
it is significant that at the higher fre- 
quencies the threshold was found much 
lower. At a frequency of 30 per second 
with dips of 1-cycle duration (symmetrical 
pulsations), the threshold was established 
at 11/, volts. An extrapolation of Weise’s 
data would give a value considerably 
greater than two volts. In support of the 


Figure 4. 
magnitude and duration of voltage dips 


Typical oscillographic view of 
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lower figure, an instance of flicker com- 
plaint is cited where the flicker frequency 
was 30 per second and the voltage drop 
was approximately 2.5 volts rms. The 
flicker of 100-watt ‘“Tulamp” units was 
quite annoying in spite of additional day- 
light illumination on the premises. On 
the other hand, a 100-watt incandescent 
lamp showed no apparent flicker. 


Illumination Pulsations at the 
Threshold of Perceptibility 


It may be interesting to see how the 
illumination varies at the threshold of 
perception under the different conditions 
of flicker frequency and dip duration. 
Figure 8(A) and (B) show, by way of 
illustration, the variation of illumination 
under the same amount of voltage dip 
but under different duration and fre- 
quency. The conditions illustrated are 
well above the threshold values, and were 
chosen to indicate clearly that magnitude, 
duration, and frequency of dips jointly 
affect the illumination change. The 
analysis of illumination change may be 
made with reasonable facility because of 
the exponential nature of the illumination 
change as illustrated by Figure 8(C). 
exponential curve is a good approxima- 
tion for both the fall and rise of the 
illumination, so that for any combination 
of voltage dip, duration of dip, and total 
time between repeats, the change in the 
mean illumination may be simply deter- 
mined. It is a reasonable assumption 
that the flicker is not sensibly affected by 
the inherent pulsation of illumination due 
to the line frequency variation of voltage 
but is the result of the much slower change 
in the mean level of illumination. Previ- 
ous studies offer evidence in support, and, 
in addition, independent confirmation was 
obtained by a series of tests to compare 
the flicker visibility under the intent ob- 
servation with a-c and d-c supply. The 
d-c tests were made with 2- and 5-cycle 
dips and, as Figure 9 shows, the a-c and 
d-c perception threshold curves are prac- 
tically identical. 

Typical cases of the mean illumination 
pulsation at the threshold of intent per- 
ception are shown in Figure 10. The 
curves are grouped to show the illumina- 
tion flucutation for a fixed flicker fre- 
quency. Each curve in a group repre- 
sents a different dip duration. For ex- 
ample, in the group pertaining to a flicker 
frequency of 20 per second, the three 
curves represent dip durations of one- 
half, one, and two cycles, respectively. 
Except for the case of three pulsations per 
second, the net change of illumination 
within each group is about the same. The 
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group for a flicker frequency of three per 
second is particularly interesting because 
the mean illumination change is still ap- 
proximately constant for dips up to five 
cycles in length but a much larger pulsa- 
tion of illumination is required to make 
a 10-cycle dip visible. It appears then 
that if the dip is longer than about five 
cycles, the flicker sensitivity of the eye 
begins to diminish and a larger net change 
of illumination is needed for the percep- 
tion of flicker. That the flicker sensitivity 
of the eye diminishes at frequencies lower 
than five cycles is known, of course, but 
on the basis of Figure 10 it appears that 
the determining factor is not so much the 
time between consecutive voltage dip as 
the time between the fall and rise of 
illumination. 

As a rough first approximation, there- 
fore, it may be assumed that at a fixed 
frequency and for the same type of il- 
luminant, voltage dips of different dura- 
tion will produce the same flicker sensa- 
tion, provided the fluctuations of the 
mean illumination are the same, and pro- 
vided that the dip is not longer than five 
cycles. 

Instead of the total net change of il- 
lumination, the fundamental harmonic 
component of the curve representing the 
fluctuations of mean illumination has 
been considered, particularly in Europe, 
as the determining factor in flicker per- 
ceptibility. This approach is employed 
primarily for the evaluation of the inher- 
ent flicker of different types of electric 
illuminants due to the alternations of line 
voltage at line frequency,*—® but it also 
has been applied to the comparison of 
incandescent and fluorescent flicker due 
to low-frequency voltage variations.® 
The attractiveness of the approach on the 
basis of harmonic analysis would lie in its 
applicability to flicker produced by volt- 
age variations of any wave form but, of 
course, it would be restricted to flicker 
frequency of ten per second or higher. 
The evidence of the present studies, how- 
ever, does not lend support to the ap- 
propriateness of the method. 


Flicker Produced by ae 
Changer Welders 


Published cyclic flicker studies, includ- 
ing the present one, are confined to sus- 
tained pulsations. Reciprocating com- 
pressors, conventional seam welders, and 
high-speed automatic spot welders are 
typical loads to which the available data 
would apply. Frequency-changer 
welders’* developed in the last few years 
also produce cyclic line voltage varia- 
tions, but in spot welding applications of 
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Figure 5. Results of flicker observation for voltage dips of 5-cycle 
duration 
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the system the voltage pulsates only 
briefly, each time a spot is welded. The 
response of the nervous system to such 
short-lived pulsations may not be the 
same as the reaction to a sustained flicker 
of the same frequency. 

While not strictly a part of the studies 
hereinbefore presented, the increasing 
importance of frequency-changer welders 
makes it pertinent to discuss briefly the 
observations made in one particular 
application of a 3-phase welder supplied 


from a 3-phase 4-wire 120/208-volt net-- 


work system. The welder current in one 
of the lines is shown in the top oscillogram 
of Figure 11. The voltage oscillogram in 
the center of the figure was taken at the 
light and power distribution panel while 
the bottom oscillogram shows the voltage 
at the point of power service to the prem- 
ises. Because of the distance between the 
two points, the dip at the service is appre- 
ciably lower. Flicker voltage was meas- 
ured from line to neutral (nominal volt- 
age: 120 volts) by the method of d-c 

, bias and amplification of a-c peaks, de- 
scribed in the section on ‘Method of 
Testing.” 

The oscillogram, taken during routine 
production, showed a welding time of 
about 29 cycles (60-cycle basis) in four 
pulses separated by pauses of 31/2 cycles. 
Due to the use of the positive half-cycles 
of voltage in the measurement of flicker 
and to the control of the polarities of 
consecutive current pulses, the voltage 
dips are recorded for alternate pulses 
only, as the positive voltage peaks coin- 
cide with the periods of zero current dur- 
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Figure 11. Volt- 

age dip produced 

by frequency-chan- 
ger welder 
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ing every second group of pulses. Al- 
though the current wave shape is non- 
sinusoidal, the rms voltage drop may be 
calculated with sufficient accuracy on the 
basis of a sine wave load equal to the line 
frequency component of the current.’ 
This approach yields for the rms voltage 
drop approximately 67 per cent of the 
difference between voltage peaks. Hence, 
voltage drop at the distribution panel 
=0.67 (175.2—171.0)=2.7 volts and 
at the service point =0.67 (175.7— 
174.3) =1.0 volt. 

The user, recognizing that the flicker 
was produced by his equipment, was will- 
ing to put up with a dip of 2.7 volts but 
in the opinion ef the observers the flicker 
would have been intolerable to others. 
On the other hand, the dip of 1.0 volts at 
the power company’s service, while notice- 
able and distinguishable as pulsating 
flicker, was judged to be just passable. 

In the shop, where the 2.7-volt dip was 
noted, fluorescent and incandescent lamps 
were available for observation. The 
flicker of both was judged objectionable. 
Incandescent lamps only were used in the 
room where the 1.0-voltage dip was ob- 
served. 

On a sustained basis, the conditions 
described represent a flicker frequency of 
7/2 per second, for which the charts on 
Figure 6 give a threshold of objection of 
1.2 volts. Considering the difference in 
the nature of flicker, the different condi- 
tions of observation, and the tapered dip 
of voltage during each pulse, the good 
agreement between the observers’ judg- 
ment and Figure 6 is interesting, but a 
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single observation should not be used as a 
basis of generalization. 


Conclusion 


Perceptibility of cyclic flicker was dis- 
cussed heretofore in terms of the fre-— 
quency of pulsations. Evidence was- 
offered herein to indicate that the dura-_ 
tion of the voltage dip also affects flicker 
visibility. The new evidence does not 
imply fundamental changes in the pres-— 
ently used standards, but in borderline ~ 
cases it may swing the decision as to 
whether a particular case of flicker is” 
acceptable or not. 

The additional information is not sufial 
cient to evaluate the flicker of the fre-— 
quency-changer welders because the 
observations were confined to sustained 
flicker. In view of the increasing use of 
the new type of welders, a systematic 
study of their flicker characteristic would 
be highly desirable. 
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Discussion 


Pak 


R. E. Young (Public Service Company of 
Northern Illinois, Kankakee, Ill.): It is the 
purpose here to emphasize the importance 3 
of the subject “light flicker.” It is desired — 
to indicate the difficult circumstances 
which an individual may encounter in 
adapting the data contained in this paper. 
Light flicker is a continuing problem 
facing not only the electric utility engineer, 


ATEE TRaNsACTIO 


also the industrial plant engineer, 
ident with the desire of steel pro- 
icers to use larger electric arc melting 
maces comes the need for more study of 
le power system disturbances. In 
ing-resistance welding, probably the 
test single factor involved in power 
'y is this matter of what effect will any 
tage drop on lighting circuits have on 
ose humans who are using the artificial 
ghting for seeing tasks at their homes, 
es, stores, restaurants, or factories. 
r those who have not heretofore been 
erned with lighting flicker, it may be 
mewhat difficult to appreciate reasons 
voltage drops, particularly for cyclic 
ing conditions, must be held to such 
y levels as demonstrated by Mr. Brieger’s 
ta. Motor equipment on power circuits 
a factory may many times operate satis- 
torily with a 10 per cent variation in 
age. Even utility transmission lines 
gned for steady power and lighting 
ids are ordinarily satisfactorily operated 
voltage variations of 10 per cent. 
dinarily, resistance welding can be 
complished with at least 5 to 10 per cent 
oltage variation at the welder terminals or 
f but one welder is involved, a voltage drop 
50 per cent at the welder terminals 
linarily can be compensated by adjust- 
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ment of welder controls, However, as Mr. 
Brieger’s data shows, such variations for 
welder loadings cannot be considered for 
lighting circuits. 

Discussion and research on the lighting 
flicker problem should be stimulated. 
Although lighting flicker is readily recog- 
nized, there has been some neglect of the 
subject during the last several years. One 
probable reason for this is the “human 
factor” involved in flicker studies. As 
engineers, we deal more with facts and with 
concrete quantities. Mostly there is little 
deviation—there can be but one real solu- 
tion. However, the author has shown in 
the data presented, that flicker research 
with humans may produce as many answers 
as there are individuals being tested. Some 
respond as the casual observer, others as the 
intent observer with a much lower tolerance 
to flicker. In studying all other phases of 
power supply, one is confronted with facts 
and mostly a ready solution. But in 
studying flicker it is particularly difficult to 
draw conclusions and assign an average 
condition with a curve to fit all conditions. 
Also, who is willing to say that complaints 
of lighting flicker will never arise from the 
individual who registers objectionable 
flicker at the lowest voltage level. In other 
words, are objections liable to arise from 
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the casual or the intent observer level. 

It is hoped the author’s presentation will 
stimulate thinking and perhaps additional 
research on lamp flicker. In view of present 
day and future use of frequency-conversion- 
type welders, where the short time loading 
is not held at sustained values as in most 
other welding, it is believed that research 
and evaluation of short time varying in- 
tensities of flicker are needed. 


L. Brieger: Mr. Young’s remarks on the 
difficulty of assigning an average flicker 
response curve for use by the distribution 
system designer are well justified. A survey 
of flicker voltage limitations in use by 
utilities throughout the country shows con- 
siderable spread, indicating that the re- 
sponse of the relatively few “flicker con- 
scious’’ observers are given more considera- 
tion by some than by others. 

It seems to be a reasonable policy in the 
author’s opinion to assign permissible 
flicker voltage limits on the basis of the 
number of people affected. Thus, lower 
limits would be used for the permissible 
flicker voltage on an entire distribution 
circuit than in the layout of a local second- 
ary system supplying only a few services. 
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Ignitrons for Frequency-Changer Welders 


RICHARD R. ROTTIER 


ASSOCIATE AIEE 


N FREQUENCY-changer resistance 

welding, 3-phase supply frequency is 
converted by the control of ignitron tubes 
to single-phase low-frequency power at 
the weld. The advantages of this resist- 
ance welding circuit have been discussed 
previously.” Briefly, the lower weld 
frequency reduces the input demand 
kilovolt-amperes of the welding machine 
and makes possible improved results in 
the welding of aluminum, magnesium, 
and their alloys. Furthermore, the power 
factor is improved and the load is dis- 
tributed over the 3-phase circuit, which 
results in less voltage drop than in single- 
phase welding. 

The frequency-changer circuit is basi- 
cally a 3-phase rectifier circuit. There- 
fore, the ignitrons are subjected to the 
requirements of rectifier operation; 
namely, fast commutation, high-initial- 
inverse anode voltage after commutation, 
and high surge currents in the event of 
tube are-back. In addition, since the 
duty is intermittent as required in resist- 
ance welding, the tubes must carry high- 
peak forward currents for short periods of 
time, 


SCOPE OF PAPER 


This paper gives a brief study of the 
frequency-changer welder circuit opera- 
tion from a tube designer's standpoint. 
Analysis of the circuit has been presented 
previously.! In this paper, however, the 
effect of the circuit requirements on the 
tube design and performance are dis- 
cussed, 


Circuit Characteristics Applied to 
Tubes 


Operation of Tubes in Circuit 


Figure 1 shows the frequency-changer 
welder circuit, The power components 
consist of six ignitron tubes and a welding 
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transformer with three primary windings 
and one secondary winding. All wind- 
ings are on the same core. Each primary 
winding has in series a pair of ignitron 
tubes connected in inverse parallel. The 
ignitron tubes act merely as switches 
allowing current to pass in one direction 
or the other at the proper time. 

The ignitron tubes are controlled in 
two groups of three tubes each. Tubes 
A, B, C constitute one group and tubes 
A’, B’, C’ constitute the other group. 
Each tube in a group is connected in a 
direction corresponding to one polarity of 
induced secondary voltage. 

Figure 2 shows the primary windings 
electrically, that is, each winding 120 de- 
grees out of phase and in delta connection. 
The control circuit operates tubes A, B, C 
first while blocking tubes A’, B’, C’. 
Current transfers from tube to tube. 
The current in each winding induces a 
voltage in the secondary of the same 
polarity. Current builds up in the 
secondary as shown in Figure 3 and con- 
tinues in the same direction for the de- 
sired conduction period. Control of the 
firing of the ignitors blocks all tubes and 
the current can decay to zero, The other 
group of tubes is then permitted to oper- 
ate and current is built up in the trans- 
former in the opposite direction. 

Thus, current flows in alternate direc- 
tions through the secondary. The funda- 
mental frequency of the secondary in 
present equipments is between 5 and 12 
cycles per second. It can be made higher 
or lower by proper control of the ignitron 
tubes. 
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Figure 4 shows the currents through 
each primary leg of the transformer, while 
Figure 5 shows the currents in each of the 
3-phase lines. Figure 6 is an oscillogram 
showing the actual circuit action for one 
cycle of secondary frequency at approxi- 
mately 60-degree phase retard. 


Tube Inverse Voltage 


When tubes are not conducting, the 
anode-to-cathode voltage of each tube is 
equal to the line-to-line voltage of the 
phase in which the tube is connected. 

When one tube is conducting, the cor- 
responding line to line voltage (less tube 
drop) is applied to the primary winding. 
This induces a voltage practically equal 
to the applied voltage in the other pri- 
mary windings and in phase with the 
applied voltage. Figure 7 shows how 
the induced voltage adds to the line volt- 
age to give the anode-to-cathode voltages 
across the tubes in the other phases. 
The result is alternating voltage with a 
peak value equal to 1/3 times the peak 
line voltage. Hence, 


E,=EvV/6 (1) 


where E=line to line rms voltage. This 
also is illustrated in Figure 8. 

The wave shape and magnitude of the 
tube inverse voltage is the same as that 
for a 3-phase Y rectifier with an applied 
line-to-line voltage 73 per cent higher 


than the frequency-changer line voltage. 


TUBE COMMUTATION TIME 


When current flows in the primary 
windings it transfers from one primary 
winding to another depending on which 
primary has the highest applied voltage of 
proper polarity. In Figure 8, the dotted 
lines show the secondary-voltage corre- 
sponding to the primary line voltages. 
From point 1 to point 2, Figure 8(A) only 
primary A is carrying current. During 
this time, the voltage of phase A is induc- 
ing also an equivalent voltage in the other 
two primaries. At point 2, the voltage of 
phase B begins to exceed that of phase A 
induced in phase B. Since the ignitor is 
not phase-retarded, the ignitron tube will 
begin to conduct as soon as the yoltage 
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across it exceeds the arc-drop voltage. 
The are-drop voltage of approximately 
15 volts can be neglected since it is only a 
small portion of the total voltage avail- 
able during the current transfer. 

Current cannot transfer instantly from 
one primary winding to another because 
of the inductance associated with each 
winding. The time of current transfer is 
known as the commutation time. It also 
is called the commutation angle, wu, or the 
angle of overlap because within its dura- 
tion two tubes, that is, two phases, are 
carrying current. In the frequency- 
changer circuit where the three primary 
windings are on the same core most of the 
flux of one coil links the other coils. 
Therefore, during commutation only the 
leakage flux between the two coils can 
support the difference in voltage that 
exists between the two coils. 

This voltage difference between the 
two windings during commutation is 
known as the commutating voltage, e,, 
Figure 9. This commutating voltage 
divided by the leakage reactance between 


Figure 2 (below). 


Figure 4 (right). 
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TIME IN CYCLES 


AT PRIMARY FREQUENCY 


the two primary windings, X,,, deter- 
mines the current during commutation, 7,. 

In general, the current in one phase at 
the start of commutation will equal the 
current in the other phase at the end of 
commutation. The higher this current to 
be commutated, the longer the time re- 
quired to reduce it to zero. Commuta- 
tion time, therefore, depends upon trans- 
former leakage reactance between pri- 
maries, commutating voltage, and cur- 
rent. 

It has become the practice to denote 
the permissible bombardment of the 
anode by a rating called commutation 
factor.’ This factor is designated as the 
product of rate of change of current im- 
mediately preceding the end of the com- 
mutation period and the rate of change of 


Figure 3. Secondary current 


inverse anode voltage immediately after 
the end of the commutation period. 


di/dt X de/dt =(amperes/microsecond) X 
(volts/microsecond) (2) 


This factor describes the commutating 
conditions under which the tube will give 
satisfactory performance. 

In the case of ignitrons, this factor can 
be considered as the commutating condi- 
tions that determine a certain probability 
of are-back. Reducing the rate of change 
of current during commutation (that is, 
increasing commutation time) or decreas- 
ing the initial inverse voltage, H;;, lessens 
the probability for tube arc-back. On 
the other hand, a longer commutation 
time reduces the average secondary volt- 
age, H,, and lowers the input power fac- 


Primary winding of frequency-changer welder 


Current in primary 


PHASE 
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LINE #1 


LINE #2 


LINE #3 


o O08 10 
a 


TIME IN CYCLES AT 
PRIMARY FREQUENCY 


tor. The shaded areas in Figures 8(A) 
and 9 graphically show the loss in second- 
ary voltage due to commutation. 

An equipment designer should design 
transformers for this service with as little 
primary-to-primary reactance as possible 
in order to improve output voltage and 
input power-factor, and yet provide 
reactance enough to obtain satisfactory 
tube performance. It will be shown later 
that by limiting the peak are-back current 
to a certain maximum value we place a 
minimum limit on the circuit reactance 
and commutation time. In this way 
satisfactory tube performance is assured. 

In rectifier circuit analysis* the trans- 
former reactance which controls the trans- 
fer of current from one phase to another is 
called the commutating reactance. Ina 
3-phase Y rectifier, the line-to-neutral 
commutating reactance is XY, and the 
complete line-to-line commutating react- 
ance (the reactance involved in commuta- 
tion) is 2X,. To use the equations and 
curves of rectifier theory for the fre- 


Figure 6 (below). One weld cycle at 40 per cent heat. 
Weld frequency 8%/; cycles per second, 2 cycles conduction 
11/. cycles cool time, phase retarded 


Curve A—Current, Line 1; curve B—Current, line 2; curve 
C—Current, line 3) curve D—Voltage, lines 2 and 3; curve 
E—Secondary voltage; curve F—Ignitor current, tube C’ 


Figure 8 (right). 
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Frequency-changer welder wave forms 


Figure 5 (left). Line 
current in 60-cycle 
3-phase supply 


Figure 7 (right). 
Vector diagram of 
primary voltage 


queney-changer circuit the term X, must 
be replaced by Xp,/2, where Xpp is the 
leakage reactance. 

Current during commutation for a 3- 
phase Y rectifier with no phase delay is:* 


_ W2E; sin 1/8 


ig (1—cos wt) (3) 
Xe 


where J, is the line-to-neutral rms voltage. 
This becomes for the frequency-changer 
circuit 


/2 E sin /3 


(1—cos wt) (4) 


ic= 


where E is the line-to-line rms voltage. 
At the end of commutation: 


wh=u 


and 7,=J,, where J, is current to be com- 
mutated. Therefore, 


- 24/2E sin r/3 


‘ 1—cos u 
x ( ) 


pp 


or 
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WHERE E = rms LINE-TO-LINE VOLTAGE 
AND g = 2nft 


Commutation angle =u =cos~*+*X 


ee TeX pp 2 
2+/2E sin 1/3 


Bea 
cos-1( 1-0.409 20 ‘) (5) 


COMMUTATION TIME WITH PHASE RETARD 


Figure 8(B), shows the action with 
phase retard. Under this condition tube 
A continues to carry current from points 
2 to 3 despite the fact that its voltage is 
lower than that of tube B. The second- 
ary voltage is reduced by this phase con- 
trol in addition to the reduction during 
the commutation period 8 to 4. The 
commutation angle with phase retard also 
is reduced because of the increased volt- 
age available for commutation.‘ 

With phase retard angle (@) equation 3 
becomes: 


cos (u-++-a)=cos a—0.408 Hovis (6) 


This equation is plotted in Figure 10, 


+ INDUCED 
& 


30° PHASE DELAY (<) 
10° COMMUTATION TIME (u) 


(8) ‘ 
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Figure 9 (left). 


Arc-back on tube C frequency-changer-welder circuit 


Figure 11 (above). Long conduction time on last conducting tube. Weld 
frequency 84/; cycles per second, 2 cycles conduction, 2/2 cycles cool time, 
100 per cent heat 


Curve A—Current, line 1; curve B—Current, line 2; curve C—Current, line 3; 
curve D—Secondary voltage; curve E—Voltage, tube C’; curve F—Ignitor 
“current, tube C’ 


showing variation of commutation time 
with reactance factor, X,,/,/E, and phase 
retard. By comparing Figure 11 with 
Figure 6, the shorter commutation time, 
increase in initial inverse voltage and 
decrease in secondary current with phase 
retard can be noted. 


Fault Current Through Tubes 


Fault current will flow if an arce-back 
occurs on one of the group of conducting 
tubes or if an arce-throaigh occurs on one 
of the group of tubes being held off. An 
example of such a fault is illustrated in 
Figure 9, where the fault could be either 
tube C not holding off the initial inverse 
voltage or tube C’ conducting forward 


“ps 


Xpp = PRIMARY-TO -PRIMARY 
LEAKAGE REACTANCE 


PHASE RETARD. 
(DEG) « 


current at the wrong time. This fault 
current also is equivalent to that obtained 
when the ‘‘cool’’ time between secondary 
half-cycles is too short and ignition of the 
reverse tubes is begun before the current 
of the last conducting tube reaches zero. 
The fault current is limited by the 
primary resistance, by the leakage react- 
ance between the windings of the trans- 
former, and by the impedance of the 
supply system. The sum of the forward 
currents in tube A and B, Figure 9, is 
essentially the arc-back current in tube C. 
From the rectifier circuit analysis® the 


Figure 10 (left). 


Figure 12 (below). Arc-back on the test circuit. 

Simulating frequency-changer welder circuit. 

amperes, d-c; arc back on tube 3; load L=26.75 millihenrys; total anode 
L=0.19 millihenry; phase retard =O 


tion. 
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Curve B=Tube voltage, #3 
Curve C=Current, tube 1 
Curve D=Current, tube 2 
Curve E=Current, tube 3 
Curve F =Load current 
Curve G =Load voltage 


ae 


AAs Nas 


\ 


= COMMUTATION TIME IN DEGREES 


° 0.20 0.40 0.60 


I¢X 
ae REACTANCE FACTOR 


1951, VotumE 70 


Rottier—Ignitrons for Frequency-Changer Welders 


peak arc-back current, with a-c supply 
only, for a 3-phase Y rectifier is: 


where K, is a function of R,/X,. X,, Ro 
and Z, are line-to-neutral commutating 
reactance, resistance, and impedance re- 
spectively of the rectifier, transformer, 
tubes, and supply system. Figure 12 is 
an oscillogram, taken of an arc-back on a 
tube in a 3-phase Y rectifier circuit... 

For the frequency changer welder this 
equation for peak arc-back current be- 


Commutation time-frequency-changer-welder circuit 


3-phase Y rectifier opera- 
Load—600 volts, 300 


Curve A=Timing wave, 60 cycles 


mm =12.5 volts 

mm =304.0 amperes 
mm =267.0 amperes 
mm=377.0 amperes 
mm= 929.2 amperes 
mm= 43.6 volts 


=| 32 4 2 | 4 
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Figure 13 (left). 


Test circuit 


L= 49.5 MH 
TAPS AT 36.75, 
26.75, 8.7 AND 


2.25 NH 


“BOX” Figure 15 (right). 
LOA Single-phase welder 


tubes 


A (left)}—open con- 
struction 
B  (center)—baffles 


between anode and 


more or less than this current depending 
on the ratio of Rpp/Xpp- 


/ 


Are-back or are-through in a tube 


cathode usually results in a bad weld. It may 
C (right\—optimum cause a temporary shutdown, also puts 
design greater stress on the ignitron tubes and 


associated equipment. Each are-back is 
slightly detrimental to the tubes as the 


comes, K,=2 approximately for X,,=10R,, (8) reverse current forms a cathode spot on 

/2E 2\/2E The first portion of the arc-back cur- the graphite anode which loosens small 

tar = Ky Z,/2 =Kr Zz (7) rent in tube C and the forward current of particles of the graphite. These small 
PP PP 


where K, is function of R,,/X,, and 
Zp = WV Roy? +X 


and includes primary resistance, primary 
to primary leakage reactance, and the 
impedance of the supply system. 


K,=1 approximately for R,,=X and 


pp? 


tube A follow the wave-shape of the com- 
mutation current. Then when tube B 
begins to conduct, 90 degrees after the 
start of the fault, the current wave-shape 
deviates from that of the commutation 
current. 

The trace of the commutation current 
equation is shown by dotted line in 
Figure 9. The are-back current will be 


Figure 14. One pulse on test circuit equal to one-half weld on frequency- 


changer circuit. 3-phase Y 


rectifier 


operation. Simulating frequency- 


changer welder circuit. Load—600 volts, 1,200 amperes, d-c; load L=8.7 
millihenrys. Added anode L=0.21 millihenry per leg; phase retard =0 


Curve A=Timing wave, 60 cycles 
Curve B=Tube voltage, #2 
Curve C=Current, tube 1 

Curve D=Current, tube 2 

Curve E=Current, tube 3 

Curve F =Load current 

Curve G =Load voltage 
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mm =16.7 volts 
mm=77.2 amperes 
mm=20.3 amperes 
mm=25.0 amperes 
mm=292.9 amperes 
mm =43.6 volts 


a = = = = — 
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particles of graphite tend to mix with the 
mercury in the tube and will eventually 
effect the performance and shorten the 
life of the tube. 

From an equipment design standpoint, 
the probability of are-back can be mini- 
mized by providing sufficient primary 
reactance to insure that the current which 
can flow in the event of fault does not 
exceed the rated value. The surge cur- 
rent rating is primarily an equipment de- 
sign rating. It is not intended that the 
tube should be operated at this current 
level. The tube, in general, will not be 
destroyed by conduction of fault cur- 
rents, but repeated operation may shorten 
tube life. 


Current in Last Conducting Tube 


In general, welding control circuits 
provide a “‘cool’’ time which allows a 
delay between the time of current going 
to zero on the positive group of tubes and 
the time for starting of negative groups of 
tubes. 

Figure 3 shows that voltage corre- 
sponding to the last conducting primary is 
generated in the secondary until the cur- 
rent goes to zero. Hence, the secondary 
voltage may go below zero as shown by 
Figure 3(B). This slow decay of second- 
ary current is caused by a high ratio of 
secondary or welder X/R. If this second- 
ary X/R is sufficiently great, the second- 
ary voltage may again return to a posi- 
tive value, increasing the current in the 
last conducting tube until after the volt-_ 
age again goes negative as in Figure 3(C). 
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The secondary current thus will continue 
to flow for one or more primary cycles 
after the tube ignition has been cut off 
and until the energy stored in the system 
has been dissipated. This imposes extra 
duty and a long cathode spot on the last 
conducting tube, and introduces a single- 
phase, primary-frequency load on the 
supply line. A longer interval between 
positive and negative pulses (cool time) 
will be required which may chill the weld 
unduly. Also the long cathode spot may 
travel to the side-wall of the tube and 
cause wetting of the ignitor. Therefore, 
extremely high values of welder X/R re- 
quire special consideration both from tube 
and equipment standpoint. 

As previous circuit analysis has shown! 
the current through the last conducting 
tube will just decay to zero without again 
increasing, if the ratio of welder reactance 
(at supply-frequency) to resistance is less 
than approximately 3.5. High values of 
secondary reactance also result in square- 
Wave currents through each tube which 
means an increase in current to be com- 
mutated. This is readily seen from the 
oscillogram, Figure 12. The higher the 
current to be commutated, the greater 
the di/dt during commutation and the 
greater the probability of tube arc-back. 

The long continuous conduction time 
for the last tube can be minimized by 
suitable control circuits which transfer 
the current from tube C to tube A, see 
Figure 3(C), at the time phase A voltage 
is still higher than phase C. Since 
phase A voltage is just starting to go 
negative, the current will be given 120 
degrees longer to decay to zero before the 
supply voltage of the conducting tube 
again goes positive. When the welder 
X/R ratio is large, utilization of such cir- 
cuits is advisable. 
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Ignitron Tube Design for the Circuit 


In order to determine the adequacy of 
existing tubes for the frequency-changer 
service it was necessary to establish test 
circuit conditions equivalent to that 
which would be encountered in actual 
service, 


Test Circuit Used 


As shown in the foregoing discussion, 
all the voltage and current conditions that 
the ignitron tube encounters in the fre- 
quency-changer circuit are equivalent to 
those encountered in the conventional 3- 
phase Y rectifier circuit with an inductive 
load. The Y rectifier would, of course, 
need to operate intermittently to simulate 
the duty cycle of the welder circuit. 

The tubes were tested in a 3-phase 
rectifier circuit, Figure 13, to establish 
their ratings for frequency-changer welder 
service. The ignitor firing could be re- 
tarded to provide phase control. The 
load inductance and size of anode reac- 
tors could be varied to provide conditions 
of operation identical to those experienced 
in frequency-changer applications. Fig- 
ure 14 shows a cycle of operation on this 
test equipment. 


Test Procedure 


The maximum carrying load ability of a 
mercury pool tube is generally limited by 
arc-back, voltage surges, or loss of control.® 
Voltage surges result from current con- 
striction and are considered in the discus- 
sion below. Loss of control is prevented 
by maintaining adequate water flow and 
temperature. 

The tests were conducted under circuit 
conditions that subjected the tube to the 
most severe conditions for arc-back: 
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namely, high initial inverse voltage, short 
commutation time, high temperature, and 
maximum duty. Tubes were operated 
under loads each of one hour length, of 
increasing severity (greater peak and 
average tube current) until arc-back 
occurred. Each ruin was repeated until 
the maximum load capacity was estab- 
lished. 


Test Results 


Tests in the rectifier-circuit showed 
that the single-phase welder tubes were 
not capable of handling the commutating 
requirements of the rectifier circuit at 
their peak and average current single- 
phase welder ratings. This was due to 
their slow deionizing ability because of 
their open construction which is shown in 
Figure 15(A). Are-backs were frequent. 
The power-rectifier ignitrons on the other 
hand performed very well at low peak 
currents under the most severe commuta- 
ting conditions that could be obtained in 
the test circuit. These tubes contain two 
baffles between anode and cathode as 
shown in Figure 15(B). This type of 
double baffling, however, reduced the 
cross-section area and thus limits the 
peak current that can be carried. Ex- 
perience has shown that wetting of the 
ignitor results when the arc is constricted 
too greatly by such baffling. 

Therefore, it was necessary to modify 
the design to provide a compromise be- 
tween the fast deionization of the rectifier 
tube and the high peak current capacity 
of the welder tube. The optimum design 
is shown in Figure 15(C). The cone- 
shaped graphite baffle provided sufficient 
deionizing speed and the more open con- 
struction provided the necessary current 
capacity. 

Additional improvement in average 
current capacity was obtained by the 
addition of a water spiral in the cooling 
chamber. This cools the tube more 
effectively and uniformly and prevents 
hot spots which have the effect of raising 
the vapor pressure inside the tube. 
Higher vapor -pressure lessens the ability 
of the tube to withstand inverse voltage. 
More arc-backs may be expected at 
higher temperatures. For this reason 
nearly all of the tests were conducted at 
the higher water temperature rating 40 
degrees centigrade. Tests also were made 
at 10 degrees centigrade water tempera- 
ture to assure that there was no constric- 
tion with high peak currents at this 
lower vapor pressure. 


The results of the tests are shown by the 
rating curves of Figure 16. The capac- 
ity of the single baffle tube, which has 
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the Radio Manufacturers Association 
(RMA) type designation 5822, covers the 
application requirements of the larger 
frequency-changer welders, Jor smaller 
welders, one of the present single-phase 
welder tubes, RMA type 5551, had ade- 
quate capacity for the lighter duty, 


Tube Rating 


The basie maximum ratings for the 
type 5822 frequeney-changer tube are 
viven in Table I, 

Other requirements, such as the ignitor 
vatings, are the same as those for the 
single-phase welder, 

The maximum peak inverse and for 
ward anode voltage of 1,200 and 1,500 
volts covers frequency-changer line volt- 
ages of 440 and 550 volts rms respec 
lively, plus an allowance for a 10 per cent 
A. 600-volt peak 
inverse rating (220 volts rms line voltage) 


line vollage variation, 


now is being considered and a tentative 
The 1,200 
volt and 1,500-volt ratings are related by 


rating is shown on Migure 16, 


constant kilovolt-amperes, but the con- 
slant kiloyolt-amperes relation could not 
he held at the lower voltage, 


Maximum Anode Current 


Ralings for maximum anode current 
ave piven on the basis of no-phase delay. 
Aa the ignition is retarded the anode cur: 
rent will be correspondingly less, Opera- 
lion with phage retard is more severe on 
(he lubes because of the increase in initial 
voltage, Migure &(B); and de 
crease in commutation time, Figure 10, 
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Table |, Ratings for Type 5822 Frequency 


Changer Tube 


Maximum peak 
anode vallage 
Thiverse 
Worward, ,, 
Maxim anade 
eurrentt 


1,200 .. 1,600 volts 
.1,200 400 volte 


Peak, ,, Dial euu 1,200 amperes 
Correspond 
(ng average 20 16 amperes 
Average, , i 70 » 56 amperes 
Correapond 
ing peak avi) W406 amperes 
Maximum ave 
roving time, .. 6,24 (1, 2) seconds 


Ratio of average 
(6 peal ourrent 
(Maxiniuiin ave 
raylig tine of 


Oye AEG) uc ccna 0. 16 0.106 
Ratio of aurge to 

peak current, 

WHAKUAU 12.4 12.5 


Maximum dura 

tlon of surge 

OUPVONE ys ecae O18 
Wrequeney range, 40 to 60 


0, 15 aecond 
40 to 60 eps 


*Stvalght line interpolation on log-log paper be. 
(ween corresponding polata permits determination 
of other eurrent ratinga, Ratinga are for zero 
pPliase control angle, 
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Calculations or readings to check peak or 
average current ratings must be done at 
no phase delay (100 per cent heat). 

Figure 17 shows the reduction in load 
with phase retard for a constant rate of 
are-back® together with a theoretical 
curve of load reduction with phase retard. 
It is evident from the curve that the most 
severe tube condition exists around 30 
degreesretard. As mentioned previously, 
the tests to set up the ratings were made 
at 30 degrees retard, 


Maximum Peak and Corresponding 
Average Anode Current 


For intermittent service, ignitron rat- 
ings allow higher peak current at lower 
average current. For this reason the 
duty cycle must be lowered if higher peak 
currents are desired. The 5822 tube was 
designed to meet a peak current of 1,500 
amperes for a 1/2-second weld time. 
The highest duty cycle, that is, the 
highest average current, commensurate 
with satisfactory tube performance at this 
peak current would then be one point on 
the rating. 

The peak anode current in the fre- 
quency-changer circuit is essentially a 
square wave in shape and may be con- 
sidered for all six tubes as the peak second- 
ary current divided by the transformer 
turn ratio, The average current during 
the weld time can be considered with fair 
accuracy as the peak tube current divided 
by number of tubes contributing. The 
first consideration is more accurate and 
the latter consideration less accurate 
with a large primary to secondary react- 
ance, In the latter consideration, the 
last tube in the sequence would be carry- 
ing more, and the first tube less, than the 
calculated average, 


Maximum Averaging Time 


Tubes have a comparatively low ther- 
mal capacity and, therefore, acquire 
thermal equilibrium in a few seconds. 
Wor this reason, the rated peak currents 
cannot be carried beyond a certain 
length of time without having an off 
period, For a 1/2-second weld time at 
1,500 amperes rated peak current in the 
frequency-changer circuit, it was found 
necessary to have an off-period of 5.75 
seconds, 


Maximum Average and Corresponding 
Peak Anode Current 


Mor the frequency-changer circuit at 
100 per cent equipment duty the peak 
tube current will be six times the average 
current per tube, each tube carries 1/6 
load, The maximum average and cor- 
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ANGLE OF PHASE RETARD (<) IN DEGREES 


Figure 17. Ignitron tube performance with 
phase retard for constant load impedance 


responding peak anode current commen- 
surate with satisfactory tube perfor- 
mance was established by operating at 
100 per cent equipment duty. Tests 
showed that a straight line variation on 
log-log paper could be allowed between 
the maximum peak current rating and the 
maximum average current rating. — 


Tave/Ipx=0.166 for a Maximum Averaging 
Time of 0.2 Second 


This rating is presented because a half- 
second conduction time on the frequency- 
changer circuit is not to be a single weld 
cycle. A complete cycle of the low-fre- 
quency weld must occur in 0.2 second. 
Actually this does not limit any present 
equipment or any expected future equip- 
ment, for it means that the weld fre- 
quency must not be less than 5 cycles per 
second. Installations today are at weld 
frequencies of 12 and 84/, cycles per second 
which give a single weld cycle time of 
0.0933 and 0.116 second respectively. In 
terms of 60-cycle power these represent a 
maximum on-time of one group of tubes 
of two and three cycles respectively. 
The 0.2 second averaging time allows a 
six cycle on-time for one group of tubes. 

Since each tube in each cycle of weld 
frequency (neglecting welder inductance) 
carries 1/6 of the current, Iayvg/Ip, =0.166 
asa maximum. As is actually the case, 
welder inductance will be present, and 
this ratio will be less. Peak current is 
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msidered the highest current of the 
inductive build up. 


Ratio of Surge to Peak Current=12.5 


As mentioned previously the surge cur- 


 commutating period. Tests determined 
that at the peak current rating of the 
tube a 35-degree commutation time was 
necessary to obtain a certain desired tube 
_ performance, that is, a low probability of 
are-back. 

Commutation time (without phase con- 
trol) from equation 5 is: 


_ u=cos-(1—0.408X,,[c/E) 


where 


Ie=current commutated (peak anode cur- 
d rent assuming square wave) =p, 
De For u=35° 

4 Xpp rae 0.44E/Tpx 


_ Also the are-back current from equation 7 
24/2E 


Bian, —2V2E_ 
V Roy? +X pp? 


For most severe operating conditions 
where R,, is small in comparison with 
Xpp, K, has a value of 2. Neglecting 


Ryp, Tar =4W/2E/X py 
Combining, we get 


tar /Ipk = 12.5 


Maximum Duration of Fault Current 0.15 
Second 


This rating establishes the time for 
fuses or circuit breakers to operate to 
minimize damage to the tubes. Most 
circuit breakers clear in 6 to 8 cycles. 
This 0.15 second allows a maximum time 
of 9 cycles. 


Conclusions 


1. A modified ignitron tube design 
incorporating a deionization baffle be- 
tween the anode and the cathode was 
found necessary to meet the circuit re- 
quirements of fast commutation and high 
initial inverse anode voltage immediately 
after commutation. 


2. The reactance between primaries of 
the welding transformer has an important 
influence on the ignitron tube perform- 
ance. Increasing this reactance in- 
creases the commutation time, and de- 
creases the probability of tube arc-back. 

3. If the ratio of welder reactance (at 
supply frequency) to welder resistance 
exceeds 3.5 special control circuits are 
advisable, to avoid long conduction time 
for the last tube. 
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A Gas Tube Inverter with the Supply 
Voltage Below the Breakdown Voltage 


JOHN M. CAGE 


MEMBER AIEE 


O OBTAIN 4d-c plate-supply voltages 

for electronic equipment operated by 
storage batteries, it is customary to use 
either dynamotors or vibrators. Both 
devices have been used successfully for 
automobile radio receivers, for example, 
but engineers have long been fascinated 
by the possibility of transforming low d-c 
voltages to higher voltages without re- 
sorting to mechanical motion. 

Since a-c voltages can be readily trans- 
formed and rectified, a suitable solution to 
the problem would be to convert low d-c 
voltages to a-c voltages of the same order 
of amplitude. The vibrator does this 
very effectively, but with moving parts. 
If the initial d-c voltage is high enough, 
a vacuum-tube oscillator can be used 
to convert it to alternating voltage. 
However, the oscillator is not a solution 
to the present problem, because obtain- 
able vacuum tubes require a great deal 
more than 6 or 12 or even 24 volts as d-c 
plate supply, to give reasonable efficiency 
and power output. 

Usually the conventional inverter 
employing gaseous tubes is not considered 
applicable when the d-c voltage is lower 
than 100 volts or thereabouts. However, 
experimental gas-tube inverters have been 
made to function by Carl R. Peterson 
from d-c supplies as low as 6 volts! and 
the purpose of the present paper is to 
study some of the characteristics of a 
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simple inverter with plate voltage lower 
than breakdown voltage. An hypothesis 
of the special phenomena within the gas 
tube is presented. 

The basic unloaded circuit is shown in 
Figure 1. The inverter is placed in opera- 
tion by first closing switch S and then 
opening it. The current originally flowing 
through the switch transfers to the 
capacitor C, charging it until it reaches 
the breakdown voltage of the tube. The 
tube then discharges the capacitor and 
finally stops conducting. This cycle is 
repeated indefinitely. It is with the de- 
tailed study of this apparently simple cir- 
cuit, together with the possibilities of 
loading, that this investigation is con- 
cerned, 


Tube Characteristics 


In any circuit investigation, it is desira- 
ble to know the characteristics of the 
elements involved before trying to fit 
them into the circuit. The tube is usually 
thought to have the characteristic shown 
in Figure 2; however, further investiga- 
tion of this matter is in order. 

The circuit usually used for obtaining 
the volt-ampere characteristic of a gas 
diode is shown in Figure 3. The data ob- 
tained from this circuit are plotted in 
Figure 4, and this curve is usually con- 


Figure 1 (below). The unloaded inverter 
circuit. Oscillations are started by closing 
switch S and then opening it 


Figure 2 (right). The assumed volt-ampere 


curve of a gas diode 
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, 
a 


4] 


tau 


sidered to represent static values of cur- 
rent and voltage for the tube. This test 
circuit, however, represents a case where 
the positive resistance is greater than the 
negative resistance (of the tube), and a 
later paper will show that stability is not 
possible in this case. With this knowl- 
edge, an oscillograph was connected 
across the tube with the result shown in 
Figure 5. These data show clearly that 
the results of Figure 4 are not really static 
values and suggest that a different ap- 
proach to the problem might be desirable. 

In an attempt to gain more information 
about the tube characteristics, the circuit 
shown in Figure 6 was constructed. From 
this circuit the data shown in Table I 
were obtained. Figure 7 shows a typical 
waveform of the tube voltage as a func- 
tion of time for the capacitance values 
listed in Table I. The unusual fact about 
the observed waveform is that the tube 
voltage actually drops to about one-half 
volt and remains at this value for a con- 
siderable time. 

At values of capacitance below and 
above the values listed in Table I, the 
waveform of tube voltage departs 
markedly from that shown in Figure 7. 
For capacitance values less than approxi- 
mately 0.2 microfarad (mfd) and greater 
that 0.08 mfd, random frequencies are 
observed with a maximum amplitude of 
13 volts and a minimum amplitude of 
0.75 volt. For capacitance values less 
than 0.08 mfd and greater than 0.01 mfd, 
sinusoidal oscillations are observed with 
a maximum instantaneous value of 12 
volts and a minimum instantaneous value 


PLATE AMPERES-i 


PLATE VOLTS-v 


AIEE TRANSACTION 


ee eee, 
ia Sy ae 


2050 


Figure 3, The circuit usually used for obtaining 
the volt-ampere characteristic of a gas diode 


PLATE AMPERES-i 


10 2 


4 6 8 
PLATE VOLTS-v 
Figure 4. Volt-ampere characteristic of a 


2050 tube as determined by circuit of 
Figure 3 


of 7 volts. The frequency of oscillation is 
in the tens of kilocycles per second. This 
method of operation is probably similar 
to that of the Poulsen arc oscillator. For 
capacitance values as near zero as possi- 
ble, random frequencies were again ob- 
served with an apparent maximum of 13 
volts and apparent minimum of 3 volts. 

For capacitance values above those 
existing in the table, namely 4 to 10 mfd, 
oscillations occur with the time A a very 
small fraction of time T and the voltage B 
equal to 4 volts. The meaning of A, B, 
and T is shown in Figure 7. For large 
capacitance this mode of operation seems 
to vary each cycle. It is of interest to 
note that this is the mode of operation 
usually associated with gas diodes. 

The curve of tube voltage as a function 
of time for the circuit of Figure 6 as shown 


pie 
he RANDOM-HIGH OF [3 VOLTS 
w 6 LOW OF 3 VOLTS 
4 


TIME IN SECONDS- t 


Figure 5. The voltage across the tube, for the 
circuit of Figure 3, as a function of time 


Figure 6. Circuit used to obtain data for tube 
operation with different values of current and 
different values of capacitance 


in Figure 7 suggests the following descrip- 
tion of tube operation in this circuit: At 
time equals zero on the curve of Figure 7, 
the capacitor C has just been discharged 
through the tube. The tube remains in a 
conducting state and continues to conduct 
current J from the voltage supply. This 
current cannot, during this interval, be 
conducted by the capacitor, because the 
voltage across the capacitor remains con- 
stant. After time interval A, the tube 
stops conducting and the capacitor starts 
to charge. Since the supply voltage is 
quite high as compared with the capacitor 
voltage at any time, the charging current 
is almost constant; and this results in a 
linear rise in capacitor voltage. When the 
capacitor voltage reaches the value V, 
approximately 13 volts in this case, the 
tube breaks down and discharges the 


Table |. Data for the Circuit of Figure 6* 
Freq., 
15 Volts Volts Cycles Time T, Fraction, Time A, 
Milliamperes B Vv Per Second Millisecond A/T Millisecond 
Bete levalore (OR ieee ances 13 OV20Se Fee ae 0.13 
cS Qlib Rares 13 - SY PAL Bento one 0.12 
C=0.3mfd) 60...... CMe sree 13 RO eMeiassisye ase 9/20 i denarunehs 0.10 
BOM ee OLS 13 10/20 eat ce 0.10 
OOH Se nel. ONT Rte ks 13 TOA ZO irate sie 0.10 
B20 we saz By Cee eae 14 VPLS & Saunas 0.09 
PaO rere sits Ore eae 13 CA ZO ve tardavarers 0.19 
AO wae fii OED: waives 13 5 B20 eeiaia) eral 0.16 
C=0.5mfd) 60...... ON Bie tes 13 Oui ere sate se O/20 ination 0.14 
SO Mate score (C1 ae cohen 13 WOVE ss oe cicdci 0.13 
LOO fee ayah ice (Uni di vero 13 Hit 2.0 ears neters ae 0.13 
ZO ies era's ORTE: 2s 13 T/A 20a thse 0.11 
AO Nove lowe OFSRR Rs 13 LA ce taereaie es 0.23 
SO lates: at< (15) Sees ene 13 i /ae se iotenete, sists 0.17 
Oar ons Or bieawee a: 13 8/10 rte sree ean 0.17 
HOPS hohe ORT, 13 8/10)0. see 0.14 
COs OO} Se ervet sea 13 B/1O iter «0. 0.13 
fA imid) TO...... (Daten 13 VME rasan a ce 0.13 
SOS. Src O. Sete ssh 13 U/20 rele 0.12 
DON iia. OST bined: 13 1UPRUs 2 Gite =e) 2 0.12 
100205 ci ORL races: 13 CYA rere ne eps 0.12 
ZO stagar te OTS ake. 13 O/2 Olen itayaiers els 0.12 
tr tapers (Dae A ee 13 
AO) ic nave (UN RA Right 12. 
C=3mfd) 60...... Oe Siena sana 12. 
SO pcre: [0 ica emu 12. 
MOORE soc QTE a.com 13 
UPA) ens (OMY ASS nner 12. 


_*For the significance of A, B, T, and V see Figure 7. 
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capacitor in a very short time. The cycle 
as outlined above repeats indefinitely. 
The curves of Figure 8 verify the outline 
of tube operation suggested above. 

As noted above, it was found that if a 
mode of operation is desired where the 
tube voltage drops almost to zero, a 
capacitance between 0.2 mfd and 3 mfd 
should be used. For values of capacitance 
below and above this range of values the 
voltage does not drop near zero. The fol- 
lowing is a. possible simplified explanation 
of the results observed. First, for low 
values of capacitance, the peak current 
caused by capacitor discharge is compara- 
tively low. When the voltage falls below 
the normal extinction potential, the few 
remaining ions will quickly be swept to 
the electrodes or the walls of the tube. 
For this reason the voltage falls only to a 
comparatively high value of 2 to 3 volts. 
Second, for medium values of capacitance, 
the peak current caused by capacitor 
discharge is rather high. This creates a 
large number of ions in the interelectrode 
space which continue to discharge the 
capacitor below the normal extinction 
potential of the tube. The voltage falls 
almost to zero, but enough ions are still 
present to continue conduction of supply 
current for some time. Third, for very 
high capacitance values, the peak current 
is even larger. When the tube reaches 
the normal extinction voltage, there is 
still a large amount of energy stored in 
the capacitor. This causes a compara- 
tively heavy current to flow, removing the 
ions without appreciable reduction in 
voltage. 

Since 1.0 mfd represented a value of 
capacitance well within the range found 
to give a period of almost zero voltage, it 
was used for all further experimental 
work. Figure 9 shows the average tube 
voltage as a function of average supply 
current for the circuit of Figure 6. Figure 
9 shows that the voltage approaches 6.5 
volts as the supply current approaches 
zero. As the supply current becomes 
large, the value of average voltage ap- 
proaches 4.2 volts in an asymptotic 
fashion. 

If the curve of tube voltage as a func- 
tion of time, as shown in Figure 7, is 
idealized to the extent that capacitor dis- 
charge time is considered to be zero and 
the conduction during time A is con- 
sidered to be at zero voltage, an interest- 
ing derivation may be made for the curve 
of Figure 9. From the geometry of Figure 


vy; 


(T—A)V/2 (1) 


Ve (avg) = T 


Since the charge on the capacitor just be- 
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fore the instant of discharge is given by 
both CV and J (T—A), 


CV=I(T—A) (2) 
Solving equation 2 for T gives 


eaGY. 


ES 3 
‘estar (3) 


Substituting the value of T from equation 
3 into equation 1 gives 
__CV2/2 

~ CV+AI 


Vo (avg) (4) 

To calculate A let it be supposed that 
the number of ions in the interelectrode 
space at the end of capacitor discharge is 
independent of supply current. Let it 
further be supposed that the ions may 
leave in two ways. First, they may leave 
by ways independent of current and the 
rate of so leaving will be assumed con- 
stant. F will equal the fraction of the 
total number of ions in the space at the 
start of the conduction period removed 
per second by this method. Second, 
they may go to the electrodes and con- 
duct current, and the rate of so leaving 
is directly proportional to current. G 
will equal the fraction of the total num- 
ber of ions in the space at the start of 
the conduction period removed per sec- 
ond per ampere of current by this meth- 
od. Then 


1=(F+GI)A (5) 


and substituting the value of A from 
equation 5 into equation 4 gives 
CV2/2 


Ve (avg) = 
I (0) 

O16 ae 

zi Ma a(EMl 
That equation 6 will approximately fit 
the experimental curve of Figure 9 can be 
seen by noting that equation 6 gives a 


val : 
- TIME IN SEC 
pace ae 


Figure 7. A typical waveform of tube voltage 

for the circuit of Figure 6. The values of 

A, B, T, and V for different capacitor and 
current values are given in Table | 
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Figure 8. Observed waveforms of tube 

voltage, supply current, and tube current for 

the circuit of Figure 6. Supply current is 40 
milliampere average 


value of V/2 for J equal zero and a value 
approaching CV?/2X1/CV+1/G which is 
a constant, for high values of current. 
Figure 9 shows that the experimental 
curve gives the same results as predicted 
by equation 6. While the hypothesis as 
to how the ions leave the space is probably 
oversimplified, it nevertheless gives an 
understandable explanation of the curve 
of Figure 9. 

The problem of deionization is consid- 
ered in the literature. For a more rigor- 
ous analysis of deionization under some- 


Table Il. The Result of Varying R in the Circuit of Figure 10* 


R, including that of coil, ohms 


I, Milliamperes 


i 


1 ohm is largest that can be used 


10. 
16. 
22. 
32. 
39 


ecoooooconn 


21 
32 
44 
15 
110 
120 
225 
350 
650 


47 
59 
74 
79. 
79 ohms is largest that can be used 


@0 “a bo G0 G0 G0 00 Go do 
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650 ohms is largest that can be used 


*These data appear in curve form in Figure 11. 
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Figure 9. Average tube voltage as a function 
of supply current 


Figure 10. The unloaded inverter circuit 
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Figure 11. Average tube voltage as a function 
of supply current. The straight line is the 
load line for a 6-volt supply and R = 10 
ohms 


what different conditions see, for exam- 
ple, reference 3. 


Experimental Investigation of 
the Unloaded Inverter 


A laboratory study was made of a sim- 
ple low-voltage inverter circuit, both 
loaded and unloaded, to check the work- 
ing hypothesis developed above. In the 
unloaded circuit of Figure 10 the induct- 
ance was made very large. The wave- 
form of voltage across the tube is, then, 
substantially like that observed in the 
preceding section. This is so because in 
both cases the supply current is almost 
constant with time. 

In order to plot average tube voltage 
versus supply current J, in Figure 10, 
readings of J were taken as R was varied, 
for various values of H, The average tube 
voltage was then computed as H—JR, since 
R included the resistance of the inductance 
coil. Figure 11 shows that these points 
fall, within experimental error, along one 
smooth curve. Furthermore, this curve 
is substantially the same as Figure 9, the 
one plotted for Figure 6. “It has already 
been shown that this curve (Figure 9) 
agrees with equation 6, which was de- 
veloped from theoretical considerations. 

If sustained oscillations are to take 
place, obviously the voltage given by 
E—IR must equal that given by Figure 
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Figure 12. Loaded inverter test circuit 


< 
i 6 
11 or equation 6. The straight line ” 5 
plotted in Figure 11 shows the average a4 
tube voltage as a function of current J for Ctl 
a battery voltage of 6 volts, and a resist- 2 
ance of 10 ohms. ; 
This load line crosses the experimental 0 


curve at two points. Either of these two 
points of intersection fulfills the condition 
of simultaneously satisfying equation 6 
and E—IR=V,ayg). Experimentally, 
however, only the higher current point is 
observed; that is, the lower current 
point is a point of instability. It is inter- 
esting to notice that if in starting the 
circuit the switch is closed until the cur- 
tent is between the two points, and then 
the switch is opened, the current will con- 
tinue to climb to the higher point. With 
large inductance, this takes place in a 
matter of several seconds and is easily 
observed. If the switch is held closed 
until current exceeds the high-current 
point, and then opened, the current will 
decrease to this point. 

As to why the lower current point is 
not stable, the usual explanation would 
be something as follows: If for any reason 
the current should drop below the equilib- 
rium point, the average voltage across 
the capacitor would exceed that which is 
supplied by the battery minus the resist- 
ance drop. This must mean, then, that 
the current would drop even further until 
it finally stopped flowing. Even though 
this explanation sounds plausible, the 
analysis of somewhat similar problems 
makes for skepticism about such simple 
explanations. 

It is believed that the rigorous method 
of showing this point to be unstable would 
be to assume a slightly lower current at 
the start and then to plot this current as a 


load resistance 


An «© 


function of time. This would involve the 
solution of the differential equations of the 
circuit. The current should go to a 
slightly lower value at the end of a com- 
plete cycle than it had at the start of the 
cycle. However, since the phenomenon 
of current dying out is observed to require 
several seconds and since the frequency is 
of the order of magnitude of 1,000 cycles 
per second, the decrease in current over 
one cycle is very small indeed. This fact 
makes the mathematical derivation of 
instability rather difficult. For this rea- 
son, it will be taken at present as only an 
experimental fact that the lower current 
point is a point of instability. 

Suppose that the resistance of the load 
line in Figure 11 is increased. This causes 
the load line to swing down and decreases 
the current. Finally, however, the load 
line becomes tangent to the curve. It is 
this condition that represents the maxi- 
mum permissible circuit resistance for a 
given battery voltage. It also represents 
the minimum current. 

Figure 11 shows clearly, also, that the 
circuit cannot operate for supply voltages 
below approximately 4.6 volts even if 
zero resistance could be obtained in the 
inductance. 

For supply voltages over approximately 
61/. volts, anv resistance value could be 
used; and the current could be made as 


200 300 


SUPPLY MILLIAMPERES-I 


small as desired. This statement should 
be limited, however, to the point where 
the current drops to some 2 milliamperes 
because at this point the tube is operating 
on the positive-resistance part of the volt- 
ampere curve. Under this condition a 
constant value of current flows through 
the tube and oscillations do not occur. 


The Loaded Inverter 


In a sense, the inverter of Figure 10 is 
loaded by the resistance R, for finite 
values of L, for some alternating current 
flows through R. In most cases, however, 
it would be better to attach the load by 
means of inductive coupling to the oscil- 
lator inductance L or by means of capaci- 
tance coupling to the a-c components of 
voltage across the tube. The latter 
method of coupling was investigated par- 
ticularly, and the results and conclusions 
are given below. 

Figure 12 shows the test circuit used 
for studying the loaded inverter. It will 
be observed that a higher d-c input volt- 
age was used here rather than the few 
volts with which we are concerned, but 
since the supply current J is substantially 
constant, the inverter operates the same 
on low supply voltage as it does on high 
voltage, provided the d-c component of 
tube voltage is adjusted to be the same 
in the two cases. The use of higher 
voltage in the experimental work per- 
mitted a greater range of conditions to be 


Table Ill, Watts Output as a Function of Supply Current and Load Resistance R, for : : 
i the Circuit of Figure 12* obtained conveniently. 
Figure 13 plots d-c tube voltage against 
cy, im 300 #1<200 een Ri=i00 Ri=50 supply current for various values of load 
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Z *The efficiency values given are those that occur if the circuit will oscillate with a 6-volt supply. Figure 12 for various values of load resist- 
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ance and line current. Also listed in 
Table III are the calculated efficiencies of 
the circuit on the basis of a 6-volt supply. 
However, some of these values of effi- 
ciency are forbidden because oscillations 
will not occur. The necessary condition 
for oscillations is that it be possible to 
construct a load line in Figure 13 so as to 
intersect the curve corresponding to the 
R, in question at two points with the 
highest current point being the J in ques- 
tien. With a 6-volt supply, a maximum 
efficiency of approximately 21 per cent 
was calculated from the data of Table III] 
and the curves of Figure 13. Experi- 
mental checks with a 6-volt supply sub- 
stantiated this calculation. 


Tube Considerations 


As has been shown above, the tube dis- 
charges the capacitor once each cycle. 
After discharging the capacitor, the tube 


continues to conduct for a period at al- 
most zero-drop. The peak current was 
observed to be approximately 2 amperes 
while the average current must, from the 
circuit arrangement, be the same as the 
supply current. The anode dissipation of 
the tube is, to a first approximation, the 
product of the maximum energy stored in 
the capacitor and the frequency of oscilla- 
tion. 

Since tubes were operated over long 
periods of time with peak and average 
currents that considerably exceeded the 
published ratings, it is suggested that 
these ratings be investigated in detail for 
use in inverters of the type studied. Al- 
most certainly, the average-current rat- 
ings could be increased, because the tube 
voltage remains near zero for a significant 
part of the current-carrying period. Per- 
haps the peak-current rating should also 
be higher for this type of operation. 

It seems to be indicated that tubes with 
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“ 
lower ignition voltages would give/higher 
efficiencies, and yet the current drawn 
immediately after ignition must remain as 
high as possible. Also, it would be im- 
portant to increase the ability of tubes to 
pass current at substantially zero tube 
voltage after a capacitor has been dis- 
charged through them. This would seem 
to be a fertile field for future tube re- 
search. Perhaps Tungar techniques 
could be used since inverse voltages do 
not exist in this application. 
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Synopsis: A new limiter circuit for use with 
electronic analogue computers has been 
developed from the basic diode bridge cir- 
cuit. This limiter is simple in construction, 
has only one adjustment and produces an 
absolute limit. Other useful circuit con- 
figurations using the basic diode bridge are 
given. 


N ALL electronic differential ana- 

lyzer is often called upon to solve 
equations which represent nonlinear sys- 
tems.4? The nonlinearities usually ap- 
pear as nonconstant coefficients in the dif- 
ferential equations representing the sys- 
tem and very often are functions of only a 
single variable. Typical nonlinearities to 
be represented are saturation curves, 
mechanical limit stops, amplifier over- 
load, backlash, deadband due to static 
friction, and so forth. Many of these 
functions can be approximated by the 
three slope curves shown in Figure 1. 

The authors were confronted with the 
problem of designing devices to produce 
some of these functions for use with the 
Philbrick high-speed analogue computer. 
In this computer all variables are repre- 
sented as voltages and so voltage sensi- 
tive elements must be used. The signal 
voltages in the computer vary about 
ground potential and circuits with a sym- 
metrical response are required. After a 
search of the literature it was decided to 
try and improve on existing practices.!”» 
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The adaptation of the diode bridge cir- 
cuit? seemed to hold most promise for 
improvement. This paper will discuss 
several adaptations of the bridge circuit 
to the generation of special functions with 
emphasis on a limiter circuit which pro- 
duces an absolute limit. 

The most commonly accepted method 
of obtaining limiter action, Figurel (A), is 
to use the basic biased diode circuit* of 
Figure 2(A). This circuit works reason- 
ably well but does not produce an abso- 
lute limit due to the resistance of the 
diodes and bias sources. It also requires 
the simultaneous adjustment of the two 
bias voltage sources which is a disadvan- 
tage. The circuit may be adapted for the 
generation of the function of Figure 1(B) 
by the addition of the resistor R; as shown 
in Figure 2(B). Again the requirement 
of simultaneous adjustment of the bias 
sources is a disadvantage. 

The diode bridge circuit developed for 
producing an absolute limit is shown in 
Figure 3. As can be seen from the dia- 
gram the circuit is a simple one and re- 
quires only one adjustment, the resistor 
Ry. The resistors R and the bias sources 
E are constant for a given design-and 
application. If the e, versus e; curve is 
to be symmetrical the bias sources must 
be voltages of equal magnitude and oppo- 
site polarity. They also should be regu- 
lated. These voltage sources may well be 
available in a computer; for example, the 
+300 and —300 volt supplies in the Phil- 
brick computer. 

Examination of the e, versus e,; plot 
shows that e, = e; for e;< @ and that for 
e; > 6 the output voltage e, is independent 
of e;, The circuit thus produces an abso- 
lute limit which is controlled by varying 
Re. The equations and values given with 
the e, versus ¢; plot assume the diode 
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resistances to be zero. Due to a finite 
diode resistance the voltage e, will be 
slightly less than e; for e; <8. The limit- 
ing value of e, is not a function of the 
diode resistance. The effect of diode re- 
sistance will be considered in more detail 
later. 

The general principle of operation of 
the limiter now will be discussed. The 
currents in the circuit are due to two volt- 
age sources, the d-c bias voltages and the 
signal e;. These currents are shown in 
Figure 4. The currents designated by 
capital J’s are due to the d-c bias voltages 
and the lower case 2’s are due to the signal 
voltage e;. 

All four diodes are made conducting 
and bilateral by the d-c bias voltages 
applied through resistors R. If all diodes 
are conducting and if the diode resistance 
is assumed zero it can be seen that points 
D and C are at the same potential and e, 
equals e;. As e; increases the current 7 
increases and a condition is finally reached 
where the current 1/2 flowing through 
diode CA becomes equal and opposite to 
the current J/2 and diode CA stops con- 
ducting and remains nonconducting for 
all higher values of e;. After diode CA 
stops conducting diode BD remains con- 
ducting because the signal current 
through it is less than J/2. The output 
voltage e, still equals e; since there is a 
zero impedance path through diodes CB 
and BD. As e; continues to increase a 


f(x) f(x) 


(A) 
f(x) f(x) 


= 


(c) 


Figure 1. Typical three slope curves which 
may be used to approximate functions in 
computation 
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(B) 
Figure 2. Conventional biased diode limiter circuits and their response 
curves 
condition is finally reached where 


(1—k)i/2 becomes equal to [/2 and diode 
BD stops conducting, point D becomes 
isolated from the input and the output 
voltage e, becomes independent of any 
further increase in e;. The current from 
the right-hand bias source now flows 
through R, diode AD and R, to ground 
resulting in a voltage, 


¢o = ER,/(R+ Ra) (1) 


The same reasoning with negative e, will 
show that the limiting value is 


€o = — ER:/(R+R2) (2) 


The value of signal voltage e, at which 
limiting takes place, 0 of Figure 3(B), may 
be determined from the equivalent cir- 
cuits of Figure 5. With the assumption 
of zero diode resistance the circuit be- 
comes linear in each operating range and 
superposition may be applied and sepa- 
rate circuits may be drawn for the d-c 
and a-c components, Figures 5(A) and 
(B). With all four diodes conducting the 
currents are 


[=E/R 


(3A) 
and 
i= e(R+2Ry)/RR: (3B) 


Diode CA stops conducting when 7/2 = 
I/2 or wheni = J. Equating the above 
current expressions and solving for e, 
yields, 


¢1= ER2/(R+2R2) (4) 


As e is further increased the current 
through diode BD decreases and_ finally 
goes to zero, This isolates the output 
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Figure 4, Currents flowing in diode bridge limiter due to the bias i} 


from the input and the output voltage is 
then 


€o = ER2/(R+R2) (5) 


as previously determined. The diode BD 
stops conducting at the instant its cathode 
potential rises above its plate potential. 
Since the plate potential at this instant is 
given by equation 5 and the cathode is at 
the potential e; it follows that the value of 
e, at which limiting takes place is 


a =0=ER2/(R+R:2) (6) 


€o eo=E 


Re 
R+R> 


€o*e)! 


(B) 


Figure 3. The diode bridge limiter (A) and 


its response curve (B) 
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sources and the signal e; 


a 


Until this point is reached e, = e. 

Actually the diode resistance is not 
zero and its effect should be investigated. — 
In a practical circuit the value of R will 
be very large compared to the diode resist- _ 
ance R, and any approximation involving — 
the neglecting of R, compared with R will - 
be quite valid. The value of Re, however, 
may be quite small under certain condi-_ 
tions and approach the order of magnitude — 
of R,; Terms in the solution of the cir- 
cuits involving R, and R, should be car- 
ried through to investigate the effects of — 
R, The analysis of the limiter circuit 
including R, is given in the Appendix. 
Figure 6 shows the result in graphical 
form and should be compared with 
Figure 3(B). It.is readily seen that if R, 
is small compared to R, the approximate 
solution is in negligible error. An exam- 
ple will give some idea of the factors in- 
volved. 

Example: Assume the following, Z = 
300 volts, R = 270,000 ohms, the limit-_ 
ing value of e, = 30 volts and R, = 200 
ohms. From equation 5 e,=30=300/- 
(1+R/R2) from which R/Re = 9 and Ry 
= 80,000 ohms. (See Table 1). The dif- 


Table | 
Approximate More Exact 
Solution Solution 
Ri:=0 Ri=200 
Slope’ 0'toge-- ns 1.0 0.9933 
Slope a to Bi... ..... 170" Sees 0.9866 
Value Of ascites tana 27 27 ae 27.27X1 -0033 


Value of 6........... 80/00)..eeneee 30.00 X 1.0066 


; 


t 


Figure 5. The diode bridge limiter separated 
into an equivalent circuit for bias currents (A) 
and signal currents (B) 


ferences in this case are hardly measur- 
able and are probably well within the 
usual accuracy of the physical data of the 
problem. If necessary the slope error can 
be corrected by following the limiter with 


Re 
ei < e,= e ———. 
11 0 BR 
a ee Re 
101 <leyi<ibI 0” 1 RFR; 
ej > 1bI poe ee 
3 
Re R 
a-E— (deat) 
R+Re 2Re 
= @s R2 1+ Rr 
b=0 ERR, | Ro? 


Figure 6. A plot of the transfer function and 
expressions for output voltage e, of the diode 


bridge with diode resistance considered 
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Figure 7 (above). Three adaptations of the 
diode bridge circuit to produce other transfer 
functions useful in nonlinear problem solutions 


Figure 8 (right). Equivalent circuits used in the 
more exact analysis of the bridge limiter which 
includes the effect of diode resistance R; 


an amplifier of gain slightly greater than 
one. 

Other variations of the diode bridge 
circuit are possible. Time and space do 
not permit discussion of them, A number 
of these circuits and the resulting func- 
tions are shown in Figure 7. Most of 
these circuits have been used successfully 
by the authors in the solution of nonlinear 
problems. Arguments and equivalent 
circuits similar to those outlined in the 
paper should produce the results tabu- 
lated. More complex nonlinear functions 
may be represented by cascading the 
proper units to form multiple slope curves. 

All of the circuits shown are symmetri- 
cal and produce symmetrical functions. 
If nonsymmetrical functions are desired 
they can be produced in general by un- 
balancing the circuit. This might be 
done by using a somewhat different value 
for one of the resistors R in series with the 
bias sources. Other possibilities will be- 
come apparent in particular cases. 

Zero impedance has been assumed for 
the source of the signal voltage e, and the 
output voltage ¢, has been assumed to 
work into an infinite impedance. In prac- 
tice these conditions are approached by 
the use of a cathode follower to drive the 
bridge circuits and the use of another 
cathode follower as a buffer between the 
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output terminals of the bridge and the 
circuit which follows. 

A diode bridge limiter has been pre- 
sented which will produce an absolute 
limit, is simple in construction, and may 
be adjusted by means of a single control. 
The authors feel that this represents an 
improvement over known circuits. The 
limiter has worked very satisfactorily in 
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the solution of several problems involving 
the need for representing mechanical 
limit stops in a physical system. 


Appendix 


A more exact analysis of the bridge limiter 
circuit which includes the effects of the diode 
resistance R; follows. The circuit is shown 
in Figure 4 with the currents due to the 
bias sources shown as capital letters and the 
currents due to the signal voltage e; shown 
as lower case letters. Examination of the 
circuit diagram will reveal that the bias 
sources produce no current through R, with 
the result that the output voltage ¢ is due 
entirely to the signal voltage e;. 

The equivalent circuit for signal currents 


can be drawn as in Figure 8(A). Solution 
of this circuit yields 
Ry 
Co = Ci i 
R(1+R:/R)+Ril+ R:/2R) 
Re 
2 7 
itn 


As e; increases a condition is reached where 
diode CA becomes nonconducting. This 
value of e; is determined by equating the 
current 1/2 to 7/2 (t=) as shown in equa- 
tion 8. 
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E ; 1 
T=? +R,/2 aes jp Rt RP) (8) 
eRe. 
Solving for e; assuming R;<<R 
Ry R 
= BE ———{ 1+ —— 9 
ee eet ‘3 al (9) 


This is the quantity a of Figure 6. When 
diode CA becomes nonconducting the 
circuit becomes as shown in Figure &8(B). 
The currents due to the bias source remain 
virtually unchanged and the contribution to 
é from these sources remains essentially 
zero. Solution of this circuit for e, yields. 


R: 1 
6; =e; 
Poke ok (10) 


€o 


The value of e; which causes diode BD to 
become nonconducting can be determined 
from Figure 8(C). For diode BD to become 
nonconducting its cathode plate voltage 
must go to zero which occurs when the po- 


tentials of point B and D are equal. This 
occurs for 

E+(e+B) = EB (11) 
= » a 

TR+R, — R+R2+R: 

Solving for e; 
pial yrs (12 
* R+R: R: ) 


“et 

This is the quantity @ of Figure 6. ‘After — 
diode BD becomes nonconducting the 
output voltage remains constant as may be 
seen from Figure 8(C) which represents the 
circuit in this condition. 
The value of ¢ is very nearly shown in — 
the following equation : 


eo = ER2/(R+R2) 


Note: In all these calculations the resist- 
ance R, has been neglected when it appeared 
in a sum involving R but not when it ap- 
peared added to Ro. R; will always be small 
compared to R but may be of the same 
order of magnitude as Ro. . 
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Synopsis: Occasionally it is desirable and 
even necessary to have available sources of 
yoltage supply of harmonic frequencies. 
Rotating machines with the appropriate 
number of poles have been used for this 
purpose. When the power requirements are 
low, electronic devices may be used. This 
paper presents results of an analysis of a 
nonlinear static element circuit which also 
may be useful as an efficient source of volt- 
age supply of harmonic frequency of good 
wave form. The circuit is unique in that it 
uses neither rotating parts nor electronic 
devices. 


UMEROUS studies of nonlinear elec- 
tric circuit phenomena have been 
made in recent years. Progress in this 
direction has been aided on the purely 
theoretical side by the work of many 
individuals, notably Minorsky, Andro- 
now, and Chaikin."* % Insight into the 
fundamental physical reason for unusual 
nonlinear circuit phenomena in specific 
cases has been greatly aided by the use of 
some of the new techniques. 

There are many practical circuit prob- 
lems which become impractical of solution 
by any approach other than that afforded 
by the availability of special computing 
machines either of the analogue or digital 
type.®:?11,13,1415 Many of these may be 
rather simple circuits. The problem 
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which is to be discussed in this paper is 
physically simple in that only a few cir- 
cuit elements are involved. Furthermore, 
it is somewhat unique in that a steady- 
state solution is desired rather than a 
transient solution, 

The circuit was studied initially a few 
years ago by one of the authors. The 
preliminary results were sufficiently inter- 
esting for continuation of the study. This 
continuation has led to a very detailed 
investigation and summary which is the 
basis for a Doctor’s thesis now in prepara- 
tion. Some of these results will be pre- 
sented in this paper. 

The circuit in its simplest and most 
practical form has the unique ability to 
receive power at one frequency and de- 
liver it at a frequency exactly three times 
the input frequency. This it appears 
possible to accomplish with excellent wave 
form (approaching that for a good sine 
wave generator) and with good efficiency. 
The circuit employs no vacuum tubes and 
‘no rotating parts. Methods of obtaining 
other harmonic frequencies will become 
obvious to the reader. 

A nonlinear reactor is used as a means 
for requiring the flow of harmonic cur- 
rents from a constant potential a-c source. 
These in turn are suppressed by a capaci- 


e=Eysinwt 


Figure 1. Sche- 

matic diagram of 

the circuit which 
was studied 
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tor and reactor in parallel, suitably pro- 
portioned with respect to the harmonic 
frequency desired, and in series with the 
nonlinear reactor. The terminals of the 
parallel capacitor and reactor become the 
output terminals of the circuit. 

Many circuits involving nonlinear reac- 
tors have been studied by numerous 
authors at various times.”!°7,!65 In some 
cases theoretical solutions, even though 
approximate, have sufficed.*”® In other 
cases, step-by-step solutions have been 
carried out. Linear approximations over 
restricted ranges of the variables have 
been employed.*:!? Differential ana- 
lyzers*” and other auxiliary de- 
vices}”,3,418 have been used in a number 
of instances. 

The differential analyzer approach 
seemed to offer the only practical and 
completely flexible approach to the solu- 
tion of this circuit problem. The ana- 
lyzer used is a completely electric high 
speed device. It has unique character- 
istics which seem to render it unusually 
powerful in obtaining solutions to prob- 
lems of this type. While some of the 
special components used with the analyzer 
were developed in the Electrical Engineer- 
ing Department of the University of Wis- 
consin, the standard components were 
built by George Philbrick Researches, Inc. 

The study reported here indicates that 
it is entirely practical to obtain a har- 
monic voltage power source of good wave 
form from this static circuit. Possible 
uses may suggest themselves in view of 
the excellence of the output wave form 
and the extreme simplicity of the device. 


Theoretical Considerations 


When an alternating voltage of suffi- 
cient amplitude is impressed on an iron 
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A= ACTUAL CHARACTERISTIC OF A 
LABORATORY MODEL 
B= LIMITER CHARACTERISTIC 


cored reactor, the resulting current con- 
sists not only of currents of the frequency 
of the impressed voltage, but also of cur- 
rents which are harmonically related to 
the frequency of the impressed voltage. 
The predominant harmonics are usually 
the third and fifth. If the proper linear 
components are inserted into the circuit, 
one harmonic may be amplified, the 
others suppressed. 

One circuit capable of acting in this 
fashion is shown in Figure 1. In that cir- 
cuit L; is the nonlinear inductor with 
inherent effective resistance indicated as 
R,. L, and C tune the circuit to the de- 
sired odd harmonic of the impressed volt- 
age e = E,, sin wt. Re is the effective 
resistance in J2, The harmonic power is 
assumed to be dissipated in the load re- 
sistor R. This circuit has been analyzed 
with an eye toward determining the reac- 
tor properties and the values of the other 
circuit parameters which will permit a 
reasonable harmonic power generation 
with a prescribed quality of wave form. 
In other words, the circuit has been in- 
vestigated to determine the effect on the 
quality and magnitude of the output 
voltage, V,, of variations in the reactor 
characteristic, Em, Ri, Re, R, Le, and C. 
To approach this problem with any tool 
short of a differential analyzer would 
either involve approximations which 
would make the results valueless or else 
be prohibitively time consuming or both. 

The reactor, Z;, is assumed to have a 
rather abrupt saturation characteristic, 
The saturation curve for a model which 
was used for checking purposes is shown in 
Figure 2, curve A. Since the reactor is 
saturated over a very large part of the 
cycle, the curvature in the characteristic 
below saturation was found to be of small 
consequence and can be neglected so that 
for all practical purposes the saturation 
characteristic may be considered nothing 
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Figure 2 (left). 
Nonlinear func- 
tions generated 
by the analyzer 


components i 
A 1,234 ADDERS 


J123 - INTEGRATORS 


F- FUNCTION GENERATOR 
6123.45 -SCALE CHANGERS 


Figure 3 (right). 

Block diagram 

of the analyzer 
arrangement 


more than two straight lines. The ratio 
of the slope of the saturation curve before 
saturation to the slope of the saturation 
curve after saturation may then be taken 
as a defining property of the reactor. This 
ratio of slopes has been given the symbol 
“6” in the remainder of this paper. 

In order to make the data as general as 
possible, a per-unit system was adopted. 
As a base current for this system, the cur- 
rent that flows in the nonlinear inductor 
at the point of saturation was chosen. 
For base impedance, the reactance of the 
nonlinear inductor operating below satu- 
ration at fundamental frequency was 
chosen. These choices are in evidence in 
Figure 2. The other impedances in the 
circuit were then calculated at funda- 
mental frequency and reduced to this 
base. Base volts then became equal to 
the product of the unsaturated reactance 
of the nonlinear inductor and the current 
in the nonlinear inductor at saturation, 

In the interest of brevity, analysis of 
operation of the device as a third har- 
monic generator (X¢/X 2 = 9) only is 
considered in this paper. 


Differential Analyzer Arrangement 


The differential analyzer available at 
the University of Wisconsin is a high- 
speed electronic device. Among the basic 
components of the analyzer are scale 
changers, integrators, adders, and various 
nonlinear units. 

The scale changers are essentially d-c 
amplifiers whose gain can be varied 
manually from zero to ten so that the 
output voltage of the device is equal to a 
constant times the input voltage. This 
unit contains an inverter stage so that 
both positive and negative output quanti- 
ties are available, 

The output voltage of an integrator 
unit is proportional to the time integral 
of the input voltage. Both positive and 
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negative output quantities are available 
in this unit also. 

With an adder unit, as many as four 
input voltages are added continuously, 
the positive sum and the negative sum 
both being available at the output termi- 
nals. 

Nonlinear units utilized in the solution 
of this problem included an arbitrary 
function generator of the type using a 
cathode-ray tube with a servo system 
constraining the beam to follow a mask 
of the proper shape on the face of the 
tube.134 Also of use was a biased-diode 
type of limiter unit.? 

The mesh equations which describe the 
circuit in Figure 1 are: 


exEm sin wf =Ryi,+plisp Ree 


O=Rlie=i) +A (2) 
O= aw Rois +Lopis (3) 


The solution desired was a steady-state 
solution, with adequate information on 
the amount and quality of the harmonic 
power dissipated in R being of prime im- 
portance. 


Figure 4. View of the mask for the cathode- 
ray type of function generator 


ATEE TRANSACTIONS 
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Figure 5. Transfer function effected through 
the use of the mask in Figure 4 with the function 
generator 


For convenience in setting up the 
analyzer, the mesh equations were written 
in this form: 


pli = Rin — Ri, — Rite (4) 
—Ri2= Cp (5) 
—Lspiz= = = BSP DR, (6) 


The arrangement of analyzer com- 
ponents shown in Figure 3 satisfies these 
equations and is the one which was used. 
The output of the integrator J, is propor- 
tional to the voltage, V,, across the load 
resistor R. This voltage was measured 
and analyzed with a harmonic analyzer to 
determine its quality in terms of harmonic 
content. The power available at the load 
represented by R was calculated by squar- 
ing the effective voltage and dividing by 
R. 

The adders, integrators, and scale 
changers in the arrangement of Figure 3 
have been described briefly though ade- 
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Figure 6. View of the analyzer as arranged for the solution of this 


problem 
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quately above. However, the function 
generator may require a little more de- 
tailed description. As shown, and as used 
in this problem, the function generator 
receives a voltage proportional to Lyi, and 
must deliver a voltage proportional to 4. 
In other words the transfer function of the 
analyzer nonlinear unit must be of the 
same shape as the saturation curve of the 
steel in the nonlinear reactor. This char- 
acteristic was obtained through the use of 
the cathode-ray type of function genera- 
tor developed at the University of Wis- 
consin. A mask of the shape of the re- 
quired transfer function was cut and 
placed on the face of the cathode-ray 
tube. The horizontal position of the 
beam is determined by the input voltage 
to the vertical plates. The beam follows 
the mask as previously described so that 
the voltage on the horizontal plates of the 
tube is proportional to the ordinate pre- 
scribed by the mask. Thus, the desired 
transfer function was obtained. Figure 4 
shows a typical mask while Figure 5 
shows the transfer function obtained. As 
can easily be seen, the accuracy and flexi- 
bility of such a device are very useful. 
However, inasmuch as the reactor was 
working well above saturation for a large 
portion of the cycle, it was found that 
equally satisfactory results could be ob- 
tained by neglecting that small current 
that flows before saturation. This al- 
lowed the use of a simpler but less power- 
ful tool, the limiter, whose characteristic 
is shown in Figure 2, curve B. The 
limiter was used with excellent results. 


Discussion of Results 


A general idea as to the accuracy of 
the data from the analyzer may be ob- 
tained by referring to Figure 7, For the 
particular choice of circuit elements indi- 


cated there, the maximum error was 
about 7 per cent, but the average error 
was considerably less than that amount. 
It is to be concluded that the accuracy 
obtainable is well within the limits re- 
quired for engineering design. 

In Figure 8, the effect of varying the 
load resistance R is shown for various 
values of Re, the resistance of the linear 
inductor. In each case L, was selected 
to give the highest third harmonic voltage 
at small loads. The ratio of X¢ to Xz. 
required for this varied with X¢. As Xg 
decreases, the X¢ to Xz» ratio for maxi- 
mum third harmonic voltages increases 
and when X¢ is very small this ratio ap- 
proaches 9.0 and becomes very critical. 
It is apparent from the curves in Figure 8 
that a very sizable amount of third 
harmonic power of very good wave form 
can be obtained with these parameters. 
Closer inspection shows that voltage 
regulation is not a serious difficulty. The 
dependence of quantity and quality of 
available power on the resistance of the 
linear reactor is clearly shown. 

The advantages of making Xe small 
are shown clearly in Figure 9. Here 
again it is shown that for a given X¢, the 
wave form and amount of power depend 
to a large extent on the Q (ratio of react- 
ance to resistance) of the linear reactor. 
There is a definite advantage in making 
X¢ small. If X¢ is very small, then the 
impedance of the R-L»-C combination to 
fundamental frequency is also small. It 
follows that the fundamental component 
of the output voltage is less. 

It was noted that there is an advantage 
in not going to an exceedingly high value 
of Em for normal operation. As EL, is 
raised, the fundamental frequency com- 
ponent of input current increases more 
rapidly than Z,, due to saturation in Li. 
Consequently, the fundamental frequency 


R UNIT 
gor 


OUTPUT_VOLTAGE IN P 


0.02 004 


Russell, Peterson—Harmonic Power Generation 


ete ie 
els |e] 


eee S| A 
j HSSEER eee 
IR 


006 008 alo ol2 
R IN PER UNIT 


Figure 7. Comparison between laboratory and analyzer results 


919 


RANA : 

B20 20 NS as ia 
5 BOG s 
GEES EC 

K E 3 
EEE ro 
ae : st | | dele 
eet ete = TT Bay) 
ge Oe sa 

2 Te 

aguucccane yeeeied 
S04 4 VOLTA Ey = 
pce toe Es 
RE nee e cele i 
2 ° 002. 004 O06 O08 O10 O12 O14 O16 
= R IN PER UNIT 
Figure 8. Effect of changes in load and Q of the linear reactor on the 


harmonic power available 


component of output voltage may become 
excessive if E,, is made much greater than 
1.5. It was also recognized that if E,, 
was reduced to values less than 1.2, no 
appreciable harmonic power was avail- 
able. 

Further, it was noted that a consider- 
able increase in the amount of available 
power occurred when the abruptness of 
saturation in the nonlinear reactor was 
increased. This marked increase in 
power, however, is attained at the expense 
of some sacrifice in quality of wave form. 
That this should be the case is readily 
appreciated if the increase in the funda- 
mental component of input current is 
considered. 

The least critical parameter in the sys- 
tem was observed to be R;. Fairly wide 
variations from the normal had only 
small effect on the harmonic voltage. 


Conclusions 


A single-phase nonlinear circuit of the 
type studied can be used as a third (or 
other) harmonic power source. The out- 
put voltage is sinusoidal with a small 
amount of fundamental frequency and 
higher harmonics superimposed. In order 
to keep the distortion to a minimum and 
yet maintain an appreciable power ca- 


pacity, the following suggestions are help- 
ful: 


1. Design the nonlinear reactor so that in 
normal operation, the impressed voltage 


will not be less than 1.2 nor more than 1.5. 
2. Choose a core material for the nonlinear 
reactor so that the abruptness of saturation 
is a maximum compatible with wave form 
requirements. 


3. Make C as small as wave form con- 
siderations will tolerate. (It will still be 
large). 


4. Critically select ZL. to give maximum 
third harmonic output at light loads. 


5. 


6. Let the value of R,; be small, though its 
magnitude is not at all critical. 


Make R, as small as possible. 
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Dependence of Direct Sparkover Voltage 
of Gaps on Humidity and Time 


P. B. JACOB, JR. 


ASSOCIATE AIEE 


NTEREST in the problem of depend- 
ence of direct sparkover voltage 


| arose when it was observed that gaps in 


equipment operating at high direct 


| voltages exhibited erratic and rather low 


breakdown strength when the relative 
humidity was more than 50 per cent. 
Electrode configuration was indicated as 


an important variable in the problem. 


A negative coefficient of breakdown or 
sparkover voltage with humidity varia- 
tion as indicated, is contrary to results ob- 
tained with 60-cycle and lightning-like 
impulse voltages. Thus, in the AIEE 
Standard! the humidity coefficient is in- 
dicated as zero for sphere gaps and posi- 
tive for rod gaps. In this reference there 
are no data for direct sparkover voltages, 
but there is a statement that, until data 
become available, the sphere gap calibra- 
tions for 60 cycles may be used for direct 
voltages. 

Much of the early work on the break- 
down of gases was done with direct 
voltages (see, for example, the compre- 
hensive bibliography in the AIEE paper 
by Howell).? In these investigations, 
however, the humidity was either zero, or 
very low, or not reported systematically. 
Peek* found that the direct sparkover 
voltages of sphere gaps were the same as 
the 60-cycle sparkover voltages. He also 
found that the direct sparkover voltages 
of needle gaps were the same as, or slightly 
less than, the 60-cycle crest values at 34 
per cent relative humidity. Lewis and 
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Defandorf,‘ in a study of sphere gaps ir- 
radiated with ultraviolet light, found that 
the 60-cycle sparkover voltage increased 
slightly with increasing humidity. 

In view of our preliminary observations 
with sustained direct voltages, and 
the apparent lack of experimental data on 
the subject, it was decided to conduct a 
systematic investigation’ of the effects of 
humidity and the time of voltage applica- 
tion on the direct-voltage breakdown 
strength of gaps. 


Experimental Procedure 


Two electrode configurations were 
used: (1) 12.5 centimeter diameter 
spheres; (2) standard rods, one-half inch 
square cross section, with square edges. 
This selection permits comparison of the 
results with those in the Standard! for 60- 
cycle voltages. It provides opportunity 
to compare the results for gaps with and 
without corona preceding sparkover. 
Finally, this selection brackets the elec- 
trode configurations existing in commer- 
cial d-c equipment. 

The sphere shanks and the rods were 
mounted horizontally. Clearances were 
in accordance with the Standard.1 Four 
spacings were selected for each gap to 
give sparkover voltages of about 30, 50, 
70, and 90 kv. 

Direct voltages were obtained from a 


Figure 1. Diagram 

of connections for 

the 100-kv direct- 

voltage source and 

the voltage measur- 
ing circuit 
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100-ky rectifier unit with capacitance out- 
put, center-tap grounded, as shown in 
Figure 1. Voltages were measured by an 
electrostatic voltmeter V2, connected 
across a center section of a corona-free, 
wire-wound divider of 40 megohms total 
resistance. The ripple amplitude was 
found to be less than 0.25 per cent. 

Two types of data were taken for both 
the sphere gap and the rod gap: (1) 
initial sparkover voltage; (2) time-spark- 
over characteristics. Eight initial spark- 
over voltages were read and averaged for 
each spacing. In order to reduce erratic 
behavior of the rod gap with direct 
voltages, it was necessary to apply the 
voltage to the gap very rapidly. By 
manual operation of the induction regu- 
lator in the a-c supply line, the charging 
voltage was raised to 90 per cent of the 
sparkover value in two or three seconds 
after which it was raised at a rate of about 
three per cent per second. In order to 
secure control data, the same procedure 
was used for the sphere gap. Since the 
electrostatic voltmeter V2 could not follow 
these rapid changes quite accurately, the 
initial sparkover voltages were read in 
terms of the input voltmeter V;. Other 
output voltage measurements showed 
that the initial readings so obtained were 
in error by plus three per cent because of 
delay in charging the voltage-source ca- 
pacitor, This error is higher than ex- 
pected because of high tube drop; how- 
ever, it becomes very small after two ad- 
ditional seconds of application of con- 


921 


100 
> CENTIMETER 
= 
w | 
<a 80 i 1 Hae 
3 2.45) CENTIMETER |GAP , 
> 
260 aa 
3 | | 165) CENTIMETER |GAP , 
x 
< | | 
# 40 - t + + —t 
oa | | 
eS 0.79| CENTIMETER | GAP 
Oo 
# 20 = — 
ra} | | 
| | 
=.) 


0.2 03 0.4 0.5 0.6 0.7 08 
VAPOR PRESSURE- INCHES OF MERCURY 


Figure 2. Corrected initial direct sparkover 
voltage versus humidity, 12.5 centimeters 
diameter spheres 


Values converted to 25 degrees centigrade 
and 760 mm Hg pressure 


stant voltage. In compensation for this 
difficulty, the circuit is insensitive to any 
rapid fluctuations in line voltage, and 
there is no evidence that the output volt- 
age was significantly higher than normal 
during sustained voltage runs. 
Time-sparkover characteristics were ob- 
tained by setting the voltage at succes- 
sively lower values and recording the time 
necessary for sparkover. Tests were run 
for a duration of 90 seconds. The highest 
voltage not causing sparkover in three 90- 
second runs was designated as the critical 
withstand voltage. It was found that the 
chance of sparkover occurring after the 
90-second limit was small for the rod gap, 
and even more remote for the sphere gap. 
Complete runs on all spacings for the 
rod gap were paralleled by corresponding 
runs on the sphere gap within two or 
three hours. By taking data over a three 
month period, a wide range of bumidity 
was encountered in the test conditions. 


Results for the Sphere Gap 


The corrected initial sparkover voltages 
obtained from a large number of sets of 
data for the sphere gap are plotted against 
the humidity in Figure 2. It is seen that 
these direct sparkover voltages are prac- 
_ tically independent of humidity, although 
there is a suggestion of a slight positive 
humidity coefficient. 

All points in Figure 2 are observed 
initial sparkover voltages to which a 
correction of minus three per cent has 
been applied because of the source-voltage 
delay mentioned previously. The mean 
deviation in a set of eight sparkover 
voltages comprising each point is about 
one per cent. The mean deviation among 
initial values in Figure 2, including any 
humidity effect, is 1.5 per cent (average 
for four gaps). 
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Figure 3. Critical direct withstand voltage 
versus humidity, 12.5 centimeters diameter 
spheres 


Values converted to 25 degrees centigrade 
and 760 mm Hg pressure 


Data practically identical to those in 
Figure 2 were obtained from short-time 
sparkover voltages measured for each 
gap at seven different humidities. These 
short-time values are voltages which were 
found to produce repeatable sparkovers at 
closely grouped times averaging two to 
five seconds after a steady voltage was 
applied and the output voltage was prac- 
tically constant and readable. The mean 
deviation among the seven sets of data is 
0.8 per cent (average for four gaps). 
Comparison of the average short-time 
direct sparkover voltages for each of the 
four gaps with corresponding 60-cycle 
values in the Standard! shows a mean de- 
viation of 1.1 per cent, which is within the 
absolute accuracy of the measurements, 

For each of two longest gaps the 
averages of the short-time sparkover 
voltages agree with the averages of the 
corresponding corrected initial sparkover 
voltages to within 0.5 per cent. For the 
two shortest gaps the corrected initial 
values are slightly higher than the short- 
time values. Accurate measurements of 
output voltage show that such differences 
occur for these short gaps on days when 
the laboratory illumination is mostly from 
incandescent lamps. 

On applying to the sphere gap steady 
voltages two per cent less than the short- 
time sparkover voltage, sparkovers were 
observed at random times averaging 30 
seconds in two or three trials in the 
majority of cases in which three such 
trials were made. Occasionally such 
sparkovers occurred at voltages three per 
cent less than the observed short-time 
value, The extent of observed voltage 
reduction possible for random sparkover 
to occur is about the same as the reduc- 
tion in sparkover voltage caused by irra- 
diation of such gaps.4 This behavior 
merits further study, but a suggested ex- 


Jacob, Sommerman—Direct Sparkover Voltage 


“ 


eee : i ; 
planation is that cosmic rays are trigge 
ing the gap under these conditions. Such 
a mechanism would lead to time interva 
roughly corresponding to the observed 
times. 4 
In any event the direct critical with. 
stand voltage of sphere gaps is not much 
less than the short-time sparkover value, 
and it is essentially independent oc 
humidity as shown in Figure 3, 
withstand voltages were determined usu- 
ally in steps of two per cent. These data 
are of value for control purposes in con 
sidering the rod gap results. ¢ 


Results for the Rod Gap 


A set of curves of rod-gap direct spark- 
over voltage versus time to sparkover is” 
shown in Figure 4. In contrast with the 
sphere-gap results there is a marked de: 
crease in sparkover voltage with incre 
ing time for the rod gap. As noted earlier, 
it was observed that sparkovers practi 
cally never occurred beyond 90 seconds a 
the lower limit voltages. : 

It should be pointed out that the curves 
in Figure 4 are presented only to show 
the general trend of rod gap results as 
successively lower voltages are applied 
In most cases the sparkover times at in- 
termediate voltages are much more 
erratic than shown in the figure. For the 
two longest gaps there is often a trend to” 
longer times at lower voltages, then spark 
overs at relatively short times at voltag 
far below the initial sparkover value, and 
finally a trend again to longer times as the 
critical withstand voltage is approached, 
This is an indication of dual sparkove 
voltages similar to those reported? for sue 
gaps for impulse sparkovers, but not indi 
cated for 60-cycle voltages. 
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Figure 4. A set of characteristics for di 
sparkover voltage versus time of voltage 


application, standard rod gap 


Values converted to 25 degrees centigr 

and 760 mm Hg pressure. Actual conditions 

17.8 degrees centigrade, 744.1 mm Hg pre 
sure, 0.335 inch Hg vapor pressure 
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Figure 5. Corrected initial direct sparkover 
voltage versus humidity, standard rod gap 


Values converted to 25 degrees centigrade 
and 760 mm Hg pressure 


At the rather well defined lower value 
_ of these direct dual sparkover voltages 
considerable unsteadiness develops in the 
glow discharges at the rod gap corners, 
and a brush often lengthens slowly enough 
_ to be observed before complete spark- 
over occurs. On infrequent occasions 
_ such a brush may lead to a heavy glow 
| apparently filling the whole gap and draw- 
| ing an average current of about 1 milli- 
ampere. This action occurs with series 
damping resistors of various sizes in the 
circuit. It may last for more than 30 
' seconds and it often ends in a sudden 
sparkover. 

Dual sparkover values are also indi- 
cated by some of the initial sparkover re- 
sults plotted as points with stems in 
Figure 5. These points were obtained in 
the first tests made on the rod gap. 
While some of these points lie on the 
_ curves plotted for the other test results, 
many of them are considerably below the 
other results. By rapidly raising the 
voltage through the lower dual value re- 
gion, sparkover is avoided until the higher 
sparkover value is reached. Audible in- 
dications suggest that a brush often starts 
to develop at the lower dual voltage and 
) subsides as the voltage is quickly raised 
| above this level. 
| The points in Figure 5 are initial spark- 
over values to which the source-voltage 
delay correction of —3 per cent has been 
applied. The straight lines showing the 
average effects of humidity have been 
drawn without giving weight to the points 

ith stems for reasons described pre- 
iously. Even neglecting these points it 
seen that the amount of scattering of 
points is greater than that for the 
here gap sparkover. This is consistent 
h observations made on such gaps with 
( The lower order of 
accuracy of the rod gap is also apparent 
from the mean deviation of values in a 


“1951, VoLumeE 70 


DIRECT BREAKDOWN VOLTAGE- KV 


Ce) 

C2SnOS en nC sem OS 21 CGl mC m=-OG 
VAPOR PRESSURE - INCHES OF MERCURY 
Figure 6. Critical direct withstand voltage 

versus humidity, standard rod gap 


Values converted to 25 degrees centigrade 
and 760 mm Hg pressure 


group of eight readings comprising a given 
point. This varies from day to day and it 
depends on the gap spacing, but the over- 
all average is about three per cent. 

The slopes of the lines in Figure 5 indi- 
cate humidity coefficients for the direct 
sparkover voltages of rod gaps that are 
appreciably greater than those for corre- 
sponding 60-cycle sparkover voltages.! 
Despite this and differences in the 
methods of grounding, there is general 
agreement between the values read from 
the lines in Figure 5 and the 60-cycle rod 
gap values in the AIEKE Standard for 
vapor pressures between 0.25 inch and 
0.61 inch of mercury.* 

Figure 6 shows the rod-gap critical 
direct withstand voltages plotted against 
humidity. Although the lines drawn in 
the figure show an average trend to lower 
values at higher humidities, the scattering 
in these results is so great that the 
probable error in the slope is considerable. 
Therefore, the results do not definitely 
confirm our comparative observations of 
a negative humidity coefficient for the 
direct withstand voltage of other gaps 
with rough edges. More certain, how- 
ever, is the indication that the difference 
between the initial sparkover voltage 
(Figure 5) and the long-time withstand 
voltage (Figure 6) increases with increas- 
ing humidity. It is interesting to note 
that the extrapolations of the two sets of 
curves nearly intersect at zero humidity. 


Discussion 


The sphere gap, for which the direct 
sparkover voltage depends but little on 
humidity, is a gap for which sparkover is 
not preceded by corona. The rod gap, for 


*AIEE standard humidity is 0.6085 inch (15.5 
millimeters) mercury vapor pressure (13 grams of 
water per kilogram of dry air at 25 degrees centi- 


grade). 
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which the direct sparkover voltage de- 
pends markedly on humidity, is a gap for 
which sparkover is preceded by corona 
and brush discharges. Thus, moisture in 
the air has an appreciable effect on spark- 
over only if it interacts with pre-break- 
down ionization over a period of time, 
Part of the humidity effect, that of in- 
creasing the short-time strength of the rod 
gap, is an extension of the humidity effect 
long recognized for such gaps in the sub- 
second time range. This has been ex- 
plained by Peek® as being caused by the 
action of the water vapor in smoothing 
the contour of the pre-breakdown dis- 
charges, thus leading to a more uniform 
field in the space between the discharges 
and requiring a higher voltage to complete 
the sparkover. 

The results of this investigation suggest 
that the beneficial effect of humidity on 
the sparkover voltage of gaps with rough 
edges disappears under sustained applica- 
tion of direct voltages, or that the ulti- 
mate effect might be even to lower the 
sparkover voltage below that for dry air. 
Whatever the mechanism, it must be one 
that proceeds relatively slowly. It is 
possible that the very fine water droplets 
that form in sub-second ionization gradu- 
ally coalesce into larger droplets and 
migrate to other portions of the gap where 
the ionization current density is low and 
the electric field is relatively high. Under 
these new conditions the field forces could 
overcome droplet surface tension forces, 
thus disrupting the droplet into frag- 
ments that move into the central regions. 
of the gap. Ionization of the air would 
then occur around the fragments leading 
to sudden sparkover. 

If water droplets are formed in the gap, 
recent studies by English’? may be- 
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Figure 7. Probable pattern of variation of: 

unidirectional sparkover voltage of a standard 

rod gap, 10 centimeters spacing, with time ta 
sparkover 


Curve A: 0.61 inch Hg vapor pressure 
Curve B: zero vapor pressure 
Points at less than one second computed from. 


data in reference 1. Points at more than one 
second computed from present data 
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relevant. In this work it was found that 
with a water drop point in a point-to- 
plane gap the corona onset voltage at 
760 millimeters pressure is no higher 
than that at about 550 millimeters pres- 
sure, and disruption of the drop occurs at 
the onset voltage under certain condi- 
tions. 

In order to bring out more strikingly 
the probable humidity effects on the 
sparkover-time characteristics, Figure 7 
has been drawn. This indicates that the 
computed zero-humidity sparkover volt- 
age of a rod gap is essentially independent 
of time of voltage application for times 
greater than 4 milliseconds. When water 
vapor is present the direct sparkover 
voltage decreases to about the 
humidity level at times above a few 
In this figure the scattering of 


ZeTo- 


seconds, 
results is not depicted, and relatively small 
differences in test conditions have not 
been taken into account. Nevertheless, 
the main features of the time dependence 
of humidity effects on unidirectional 
seem to follow a 
pattern as indicated, Additional long- 


time tests at both very low and moder- 


sparkover voltage 


Discussion 


L. C. Aicher, Jr. (Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis.): The 
authors have undertaken to provide in- 
formation for a region not adequately cov- 
ered in current standards. We in the in- 
dustry appreciate contributions of this 


character to our technical storehouse for we 


have not had the time to justify the dili- 
gence required to collect the sort of data 
presented by these workers, 

Several thoughts occur to me, not as 
criticism, but, because I feel the need for 
more information that may be available 
from the data the authors collected. 

The sphere gap data contained in AIEE 
number 4! applies to vertically mounted 
gaps with one sphere grounded. I am 
wondering if the authors investigated this 
condition to qualify the insignificance of gap 
arrangement for small ratios of gap distance 
to sphere diameter which the Standards in- 
fer. 

A similar question concerns the rod gap 
data. The rod gaps used in testing usually 
have one rod solidly grounded, and are 
horizontally mounted. Have the authors 
investigated the effect of the proximity of 
the ground plane as well as the effect of 
grounding one electrode? 

The data presented in Figures 2 and 8 is 
interesting. We hardly would have ex- 
pected the sphere gap sparkover voltage to 
be so independent of humidity. Each year, 
during the summer months we experience 
difficulty with the sphere gaps in our im- 
pulse generator. During these months we 
find it necessary to use larger gap spacings 
for a given d-c charging voltage than during 
the remainder of the year. We have always 
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ately high humidities are needed in order 
to draw the dotted portions of the curves 
more accurately. 


Conclusions 


Although directly relevant to the types 
of gap electrodes and ranges of conditions 
investigated, the conclusions below may 
apply rather generally. 

1. For air between smooth spherical 
electrodes, the direct sparkover voltage is 
practically independent of humidity. 
Average short-time sparkover values 
check the 60-cycle crest values in the 
Standard! to within the accuracy of the 
measurements, Critical direct withstand 
values are not much less than the short- 
time sparkover values. 

2. For air between standard square- 
edged rod electrodes, the direct spark- 
over voltage is erratic partly because of 
dual values. If direct voltage is applied 
rapidly to the rod gap, the initial spark- 
over voltage increases with increasing 
humidity similar to the 60-cycle behavior. 
There is a marked decrease in sparkover 
voltage with time of voltage application, 


attributed this to humidity for that is the 
only factor we have been able to associate 
with it. The condition is most severe about 
August 10th each year, which corresponds 
to the peak of median vapor pressure cycle 
data accumulated over a 12-year period. 
In order to operate the impulse generators 
we have found it necessary to increase the 
gap spacing as much as 16 per cent to pre- 
vent premature sparkover. Possibly there 
are other factors involved. During what 
part of the year were these authors’ data 


collected? Have any attempts been made 
to secure similar data with irradiation 
present? Possibly there is a solar factor 


that we are not aware of that is affecting 
sphere gap sparkover. 

The authors mention a complete run on 
all spacings of the rod gap and sphere gap 
being made within two to three hours. 
Did the authors check the humidity and 
relative air density at intervals during this 
period or did they use a beginning and end 
determination? When we do similar volt- 
age testing where atmospheric corrections 
are necessary we have found it necessary to 
determine the humidity and air density at 
least each half hour. This may be a condi- 
tion peculiar to Milwaukee, but I suspect 
other areas have similar characteristics. 


REFERENCE 


1, See reference 1 of the paper, 


N. W. Richards (Ohio Brass Company, 
Barberton, Ohio): The paper on the effects 
of humidity and time on the direct-voltage 
sparkover of gaps presents additional useful 
data for determining spacings needed with 
certain types of air gaps designed to with- 
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and this decrease appears to ‘become 
greater with increasing humidity. re 

3. In the design of electrical equip- 
ment to operate in air at high direct 
voltages, it may be even more important 
to use electrodes free of sharp edges teal 
it is when only alternating or impulse 


voltages are applied. 
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stand high direct voltages. I am interested 
in the precautions which should be consid-_ 
ered when using air gaps to either measure 
or withstand high direct voltages. Cer- 
tainly high direct voltages introduce prob- 

lems which are not common to high impulse 

or alternating voltages. i 

The measurement of high direct voltage 
by knowing the breakdown strength of air 
between certain specific electrode configu-— 
rations has been found erratic especially with — 
certain types of needle and rod gaps. 
Again, sphere gaps, used as isolating and 
tripping gaps in high-voltage impulse gener- 
ators, are temperamental on certain days 
when the ‘humidity is high. On humid © 
days, the spheres and the gap spacing need 
additional cleaning and adjusting, especially _ 
at the smaller spacings and voltages in the 
order of 10 to 30 ky. The spheres used — 
approximate 12.5-centimeter sphere and the 
electrode configuration is similar to isolated — 
horizontally-spaced spheres. Thus, the — 
application of sphere gaps in this case sug-— 
gests that perhaps certain preliminary pre- 
cautions also must be observed in direct 
voltage measurements using gaps before 
negligible humidity effects on sparkover 
values can be expected. ‘ 

Some precautions are mentioned, yet 
other questions exist, such as the proper 
care of the spheres themselves. Is there a_ 
need for circulating the air in and near the 
air gap to prevent dust particles from 
aligning themselves in the field and thereby 
causing lower sparkover values? Lastly is— 
it likely that humidity has a greater effect 
on the sparkover values as smaller than — 
12.5-centimeter spheres are used? For in- 
stance, the German Standards have humid 
ity correction factors for 60-cycle sparkover 
values on the 2.54-centimeter sphere gap. 
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P. B. Jacob, Jr. and G. M. L. Sommerman: 
Apparently the annual variation of atmos- 
pheric conditions in Evanston is similar to 
that in Milwaukee and in Barberton, for we 
have observed variations in the performance 
of isolating and tripping gaps operating 
under direct voltages similar to those re- 
ported by Messrs. Aicher and Richards. 
The data for the sphere gap and the rod gap 
reported in Figures 2 to 6, however, were 
- taken in the period from April to July, 1948. 

It is likely that some of the variation in 
the performance of commercial gaps is 
caused by the presence of dust on the elec- 
trodes. As shown by Brooks and Defan- 
dorf,’ dust on electrodes lowers the corona 
onset voltage more at high humidities than 
at low humidities. Even when we tried to 
remove all dust from commercial electrodes, 
a considerable negative humidity coefficient 
remained. This we attributed to the 
presence of rough edges on the electrodes. 
Such a conclusion is substantiated by the 
results reported for the sphere gap and the 
rod gap, although for the latter, the presence 
of dual values obscures the behavior some- 
what. Sphere gap electrodes were polished 
with crocus cloth, and both sphere gap and 
rod gap electrodes were cleaned with solvent 
before tests. The use of preliminary spark- 
overs before taking data is sometimes help- 
ful in removing the last traces of foreign 
particles. 

Dust in the laboratory air between well- 
spaced dust-free electrodes appears to have 
little immediate effect on sparkover. A 
number of tests were conducted with a fan 
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blowing on the gaps, but since no significant 
difference could be detected with and with- 
out the fan, this practice was not followed 
for the most part. It should be noted, how- 
ever, that if direct voltage is applied to gaps 
with sharp edges, the dust in the air is ion- 
ized by the attendant corona, and it is de- 
posited on the electrodes. Thus, over a 
period of time, dust is deposited on, or by, 
rough electrodes to a greater extent than is 
the case where both electrodes are smooth. 

It is possible, as Mr. Richards suggests, 
that the effect of humidity on sphere-gap 
sparkover is greater for smaller diameter 
spheres, but we have no quantitative data 
on this point. 

Mr. Aicher has raised certain questions 
concerning electrode mounting and ground- 
ing. In general, no dependence on the type 
of grounding exists as long as the gap spacing 
is low enough to lead to no polarity effect 
with one electrode grounded. The Ameri- 
can Standard shows no polarity effect for 
12.5-centimeter diameter spheres for spac- 
ings up to 3.25 centimeters. The British 
Standard? includes data for spheres con- 
nected to center-tap-grounded sources, and 
for 12.5-centimeter diameter spheres these 
data agree with those for one sphere 
grounded to within 0.5 per cent for gap 
spacings up to 3.25 centimeters. For the 
grounded rod gap, no polarity effect is 
observed for spacings up to 4.2 centimeters. 
For the two largest spacings investigated by 
us, the results are in between those obtained 
for two polarities with one rod grounded. 
The rod gaps were mounted so that the 
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distance to the ground plane was at least 
five times the gap spacing, but no tests were 
performed to evaluate the effect of closer 
proximity of the ground plane. 

Irradiation was not used in our direct- 
voltage tests because it was desired to com- 
pare the results with 60-cycle values in the 
American Standard, and irradiation is not 
specified for the 12.5-centimeter sphere gap 
or the rod gap. Analysis of the sphere-gap 
data indicates that some of the observed 
seattering of results is caused by lack of 
natural irradiation on some days. Other 
data obtained recently indicate that irradi- 
ation is beneficial in sphere gap measure- 
ments up to 70 kv, at least. 

The frequency with which atmospheric 
measurements should be recorded depends 
on local operating conditions. The North- 
western laboratory is rather large and it is 
usually kept closed, resulting in little air 
leakage. Also, moisture sources are very 
limited. Under these conditions it is found 
that humidity changes are quite small in a 
3-hour period. The dry-bulb temperature 
is checked at intervals of about one-half 
hour; this is important when heat is added 
intermittently to the laboratory. 
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~ Calculation of the Capacitance of a 
Circular Annulus by the Method 


of Subareas 


THOMAS JAMES HIGGINS 


MEMBER AIEE 


HE PURPOSE of this paper is two- 

fold; to advance the theory of a cer- 
tain approximate method which enables 
valculation, to any desired degree of ac- 
curacy, of both the charge distribution 
and the capacitance of a plane area 
charged to potential Vo by a charge Q; 
to illustrate application of this theory 
by calculation of the charge distribution 
and capacitance of a certain annular area, 

Rigorous determination of the men- 
tioned electrical quantities for a plane 
area hinges on determination of the 
potential function V which: 


1. Satisfies 
everywhere; 


Laplace’s equation V*V=0 


2. Is of constant value 
plane area; 


V=V> over the 


3. Vanishes at infinity except for an 
arbitrarily chosen constant (usually taken 
as zero), 


The mathematical difficulties associ- 
ated with determination of V for a speci- 
fied plane area are of such difficulty that 
solution has been effected to date for 
only two plane areas: the elliptical disk 
and the circular disk (hereafter referred 
‘to as the ellipse and the circle), the latter 
of which is a special case of the former. 
In consequence, equations for the charge 
distribution and electrical capacitance 
are likewise known only for these two 
areas. However, need of accurate knowl- 
edge of one or the other, or both, of these 
quantities for certain plane shapes occurs 
in practice, particularly for the circular 
annulus: for example, in determining the 
effect of annular guard rings utilized in 
certain precise measurements of elec- 
trical capacitance or in the hydrodynami- 
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sal problem! of determining the normal 
force* on a thin annular plate moving 
in a viscous fluid in the direction of its 
normal. Accordingly, it is most desirable 
to have a method enabling computation 
of these electrical quantities to a desired 
degree of accuracy. Precisely such a 
method, hereafter termed the method of 
subareas, is advanced in this paper. 

Following sketch of the basic theory, it 
is applied to effect approximations to the 
capacitance and charge distribution of a 
circular annulus and of a circular disk. 
Comparison of the approximate values for 
the disk with values computed from the 
known equations evidence that the values 
for the annulus are excellent approxima- 
tions to the exact value. 


The Basic Theory 


The essential theory is to be epitomized 
as follows. Let the given area A be con- 
sidered as comprised of m subareas 
A, (t=1, ..., n) which are: 


1. Of such small area by comparison with 
the given area that the charge density qi 
is essentially constant over each subarea 
Aj. 


2. Of such shape that assumption of 


uniform charge density enables simple cal- 
culation of the potential V; produced by 
this uniformly distributed charge. 


« 


3, Of such dimensions and shape that if 
the sub wea A; were alone in space, the 
potential Vi; produced by A; over that 


“Thus, the normal force R on a thin annular 
plate moving in the direction of its normal with 
a velocity V through a liquid of viscosity » is 
R=8unC V, where C is the capacitance of an 
annular area of the same radii as the thin plate, 
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part of space which is actually occupied by 
another subarea A; is essentially constant; 
and similarly for the potential V;; produced 
by gi over A; itself. 


Under these assumptions calculation 
proceeds as follows. By (1), Vis produced 
over A; by the uniform charge density 
q on A; is proportional to g; whence 
Vy=hkiyqi. Hence by (1) and (3) the 
total potential over A; is 


n n 
Viz), Va= yo kuat 


t=1 t=1 


a linear equation in the . unknowns 
qa (i=1, ...,n). Proceeding thus to fo 
the total potential over each subarea 
yields the set of equations 


n 
Vi = > Rug (G=1, «14 2) 
t=% 

A well-known theorem in electrostatic 
theory states that the potential is con- 
stant, V=Vo, over a charged conductor | 
whereon the charge is in equilibrium. 
Imposing this condition over each of the - 
subareas yields 


n 
Vo= > usd (7=1, aiavalg n) 
li= 
a set of » linear equations in the 7 un- 
knowns q; (#=1, ..., 2). Solution of this 
set of equations yields a set of values for 
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We are indebted to one of the reviewers for sug- — 
gesting calculation of the potential of a uniformly 
charged ring by use of elliptic functions. Equations 
5 and 6 are better suited to rapid calculation of 
Vi and V2 than are the equations in Legendre | 
polynomials given by Ramsey! which were used 
in the first draft of this paper. Recently, one of 
the discussors furnished a closed form for V~ of 
equation 5 similar to that of V2 of equation 6. 
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the uniform charge densities g; over the 
subareas. Accordingly, the approximate 
value of the total charge Q is 


i = ads 


4=1 


i Finally, the approximate value of the 
| eapacitanée follows from C=Q/Vo (the 
| ad and hence the Q, are expressed in terms 
of Vo, which cancels out in taking the 
ratio). Knowledge of the approximate 
distribution of charge density over the 
area A is yielded by the known values of 
the qi. 

Obviously, the capacitance and charge 
density can be obtained to any desired 
degree of accuracy by taking subareas 
sufficiently small in size. Of course, the 
labor involved in solving the set of x 
linear equations increases rapidly with 
n. However, as evidenced by the illus- 
trative examples of this paper, surpris- 
ingly accurate values of capacitance and 
charge distribution can be obtained with 
use of small n, particularly if the area 
in question possesses symmetry. 

Although the figures of this paper 
evidence use of circular annular subareas, 
the general procedure imposes no restric- 
tion on the shape of subarea that can be 
used. In general, however, it is best to 
use square subareas for plane figures 
possessing rectilinear symmetry and cir- 
cular annular subareas for figures possess- 
_ ing angular symmetry. 

Finally, it is to be noted that although 
in this paper attention is confined to 
plane areas, a similar procedure is appli- 
cable to 3-dimensional configurations. 
In particular, the method of subareas 
has been employed to solve the long- 
standing problem of the accurate deter- 
mination of the capacitance of a cube.? 
Thus, within less than 1 per cent the 
_ capacitance of a cube of side a is C= 


Table |. Capacitance in Micromicrofarads Table Il. Charge Distribution on the Circular 
Versus Number of Annular Subareas Disk of Figure 6 
Subareas 2 Cm. Disk 4X6 Annulus Loca- Rigorous Value, Approx. Value,- 
bis Sass tion Esu Esu 
raat 6 ota aie ass Ds PS9O" iia wie wep 3.7301 
iS iwid ipsa) = viv aetere 27h LODO ss -...3.8598 VSO oe Piste qo=0.05066 Vo..... qo= Rove 
z: fied OOLD «5 «+113. 9427 F=1/4 ees a@=0.05106 Vo..... q@=0.05327 Vo 
GF Remy aes Caren: Pcie DAVAT SFr vas aie cae weit PSS /A we cok q@=0.05464 Vo..... gz3=0.05715 Vo 
r=5/4 .....q@=0.06489 Vo..... @=0.06559 Ve 
fim T/Asont m=0.10463 Vo..... m=0.14236 Vo 
y=16/8,..2+ge=0.14558 Vo..... de= 


0.655a electrostatic units (ésu) = 0.7274 
micromicrofarad. The best previously 
published determination® is 0.622lla< 
C<0.71055a esu or 0.691a<C<0.789a 
micromicrofarad. 


Capacitance of a Circular Annulus 


With reference to Figure 1, the poten- 
tial dV at any arbitrary point O in the 
plane of a uniformly charged ring of 
inner radius x and width dx can be found 
by integrating, with respect to 0, the 
potential gxdx de/p contributed at O by 
the charge gxdxd@ on an incremental 
area xdx dé of the ring. Herein: g= 
charge density* and p=distance from 
incremental area to point O. Thus, 


* The charge density as used here is the sum of the 
charge densities on the opposite sides of the incre- 
mental ring, hence is twice the actual charge density 
on one side. In view of the nature of the problem 
under discussion it is convenient to work in un- 
rationalized centimeter-gram-second units. Ac- 
cordingly, the units of all quantities mentioned 
are in this system except as specifically noted 
otherwise. 


Figure 1 (lower left). Planar 
co-ordinate system for calculation 
of potential produced at an 


arbitrary point O in space by a 
circular annulus of width dx and i 
radius x | 

! 
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noting that p?=(x?+7r2—2vxr cos 0), we 
have 


zi do 
dV =2qxd. = 1 
oe) Hi (x?-+r2—2Qxr cos 0)'/2 (1) 


The potential V at point O produced by 
a uniformly charged annulus of inner 
radius b and outer radius a is to be found 
by integrating this expression for dV 
with respect to x between x=b and 
x=a. Thus 


V=2 xe ; a! 
ay aehe el 
’ “  (x*-+r?—2xr cos 0)'/? 
(2) 


Integration of equation 2 hinges on 
whether a>r>b, orr>a>b, ora>b>r. 
In consequence, these three cases neces- 
sitate the following preliminary computa- 
tion, 

1. Consider an annulus of radii «; and 
r, where y> x. In this case we have from 
equation 2 


Vi =2 ‘ d : e ae 
ae Fy ia ig) ett — 2c cos g)'/2 


(3) 


Introducing the substitution cos 9=2 
sin’? —1 gives 


" x dx 


x 

Figure 2. Subannular 

areas of circular an- 
nulus 
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CAPACITANCE IN UUF 


CAPACITANCE IN UU F 


al 2 3 4 5 
NUMBER OF ANNULAR SUBAREAS 


Figure 3. Approximate capacitance of cir- 
cular annulus as a function of the number of 
subareas 


wherein K(k) designates the complete 
elliptic integral of the first kind with 
modulus & defined by 


= [4xer /(x-r)?]/2 =2-V xr (x-+r) 


We now introduce the complementary 
modulus k’=(1—k?)'. Then k’=(r— 
%)/(r-x), x=r(1—k’)/(L+R’), x/(x-+r) 
=(1—k’)/2, and dx=—2r dk'/(1+k')?*. 
Utilizing the familiar series expansion 
for K(k) in terms of k’ (equation 777.3, 
page 171 of reference 4) 


4 2 


K(k) ain 42 prof 1 i 
= n — 
ar b 1x2 


4 2 2 
k'* (i — = Je. 
1A AI) ee 


1?X3? 
22% 42 
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and substituting as indicated in equation 
4 gives 


0 , 
(1—k’) At 
=— _— — Rf? 
Vi se fay pA x 
4 
—— Be nde 
(ing 1)+ | 


0 
= sar f (1—3k’+5k’2+...)X 
Ky 


, 


where ky’ =(r—%1)/(7-+1). 

2. Consider an annulus of radii 7 and 
x2, Where x.>r. In this case we have 
from equation 2 


r2 us dé 
V2. =2q x dx v7 
~ 9 ear 2x7 cos 8)? 
Xe T 
=2q dx al ; 
r 0 (> Ps /2 
ta COSKG, 


r 
4) tee 


Figure 4. Quadrant of circular disk 


Higgins, Reitan—Calculation of the Capacitance of a Circular Annulus ATEE TRANSACTIONS. 


ty 2 


3 4 5 6 it 
NUMBER OF ANNULAR SUBAREAS 
Figure 5. Approximate capacitance of cir- 


cular disk as a function of the number | 
of subareas 


By equation 860.5 of reference 4 we have 


Lo w/2 do 
V2=4q dx 1/2 
r\2 / 
ca 


Performing the integration yields 


Vimsor| Brie) 1 | (6) 
where E(r/x2) designates an elliptic © 
integral of the second kind of modulus © 
(r/s2). 

With V; and V2 at hand integration of 
equation 2 reduces to appropriate com- 
bination of V; and Vz Three cases 
occur: 


Case 1. a>r>b 
V=Vil2=0 +Velz=0 
Case 2: r>a>b 
V'=Vilz,=0— Valouee 


Case 3: a>b>r 
(tee Volz, 2a— Valryao 


(8) 


(9) 


With respect to Figure 2 let, typically, 
Vpw, denote the potential at point f,, 
due to the charge on the subannulus of 
charge density q;. Then the potential 
of point p, where of r=23/4 due to the 
subannulus of charge density g; and 
dimensions a=6, b=11/2, is, from equa- 
tion 7, 

Voa,= Vile, =o= 11/9, ae Vela, =aae 


=3.07188q,+3.14341q, 
=6.21529q, 


Table Ill. Charge Distribution of the 4 X 6 
Annulus of Figure 7 


9s 17,/aaeeo men 2c Cee g4=0.05776 Vo (esu) 
119 (Bie sapiliaeseh q=0.03645 Vo (esu) 
FDA Bee ots wal waa ne ae ee gz =0.04042 Vo (esu) 
1 = 23/45. scaaten Se ee g =0.08673 Vo (esu) 


( 


actual 
approximate 


Figure 6. Charge distribution on circular disk 


' In similar fashion, using the associated 
a, b, and r values as indicated, 


Vy,9, =4.82009q (a =11/2, b=5, r=23/4, 
in equation 8) 

b=9/2, r=23/4, 
in equation 8) 

Vp,0,=2.81088q, (a=9/2, b=4, r=23/4, 
in equation 8) 


Vos = 3.400559 (a =5, 


where typically, Vp, designates the 
potential at point p, produced by the sub- 
annulus of charge density q. 

Hence for 


Vp, = Vo,a,+ Vorae+ Vo,as+ Vyas 
~ we find 


Vp, =6.21529q, +4.3200992+ 
3.40055q;-+2.81083q4 


Proceeding thus for Vp,, Vp,, and Vp, in 


; turn yields: ‘i 


Vp, =6.215299¢, + 4.32009q2+ 
3.40055q3 +2.81083¢s 

Vp, = 4.725639: + 6.13977 q2+ 
4.194969, 3.272854. 

Vp, = 4.109899: + 4.64588q2 + 
6.022059; +4.088999« 

Vp, =3.79474q; + 4.03767 q2+ 
45592393 + 5.91090¢s 
(10) 


Imposing the condition Vo,=Vp,= 
Vp,=Vp,=Vr, and solving the set of 
_ equations 10 for the q’s yields: 


— g =0.08673 Vo gs =0.03645 Vo 
- qo = 0.04042 Vo qs =0.05776 Vo 
“{ : 


. 


‘Figure 7. Charge distribution on circular an- 
cee nulus 
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Accordingly, 


4 
Q= doa area; 


Fit 
= (0.08673 Vo)(18.06397)+ 
(0.04042 V)(16.49319) 
+(0.03645 Vo)(14.92241) + 
(0.05776 Vo)(13.35163) 
= 3.5484 Vp 


Hence, an approximation to the capac- 
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Figure 8. Universal curve: C/r, versus ro/ri 


itance of an annulus of inner radius 
r=4 centimeters, outer radius r=6 centi- 
meters, and ratio 7,/7;=1.5 is 
C=Q/Vo=3.5484 Vo/ Vo =3.5484 esu = 

3.9427 micromicrofarads 
Finally, 
C/ro =0.6571 micromicrofarad 

per centimeter 


i 


CHARGE DENSITY /V 
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Table IV. Dimensionless Ratio C/r, as a 
Function of ry/r; 


=, 


= 


ro[Ti C(micromicrofarads)/ro 

THO DUS os rate etod are ane ao cain alietistaie 0.4525 
AC ODS Deva eastern Paes telaset ers sanepey eho feck 0.4930 
1 LACED eat a acecuserpar emcee iD aed Caorcuont ouch 0.5382 
bE De Soe Des OemL cman eisierce OITeD 0.5577 
AE OOOI A. cuitiia sacle trata een etate she 0.5994 
Te 2 BOO Scanare neta stctee bas sere ere eles epetaners's 0.6197 
Ae OOO yates cccersiareketeress ioe sbaveratéiebsiazs 0.6571 

COP Se eneieeey vee. ptaleta caret ya aero wince 0.7073 


In that four subannuli have been used 
in obtaining this approximation, it is 
appropriate to term it a fourth approxi- 
mation. Figure 3 and Table I display 
the various values of C obtained by using 
one, two, and four subannuli. It is 
evident from the curve of Figure 3 that 
the fourth approximation of C=3.9427 
micromicrofarads is very near to the exact 
value. 


Capacitance of a Circular Disk 


Specific insight as to the degree of 
accuracy to be expected in calculating 
the capacitance of annuli of various 
ratios of outer to inner radius r,/ri by 
using four subareas is afforded by similar 
calculation of the extreme special case 
(%o/14= ©) of a circular disk of radius 
v=2 centimeters, of which the known 
exact capacitance is C=2r/r=1,273 
esu=1.415 micromicrofarad. Figure 4 
indicates the subdivision of the circular 
disk in effecting the fourth approxima- 
tion. The details of calculation are the 
same as for the annulus, hence may well 
be omitted. Figure 5 displays the values 
for the first, second, and fourth approxi- 
mations. The value of the fourth ap- 
proximation is C=1.2167 esu=1.3519 
micromicrofarad. In this extreme case 
of 7/7,=2/0= ©, the per cent error with 
only four subareas is about 4.4 per cent. 
Accordingly, for the annulus of 7,/7;= 
6/4=1.5 a much smaller error is to be 
expected, as is indicated by Figure 3. 

It is to be noted that the curves of 
Figures 3 and 5 evidence that as the num- 
ber of subareas is increased the approxi- 

mate values of capacitance approach the 
exact value as a limit from below. This 
approach from below is a consequence of 
a well-known theorem in electrostatics: 
the energy associated with a charged 
surface is a minimum when the charge 
is in equilibrium; that is, has distributed 
itself such that the surface is an equi- 
potential surface. Inasmuch as the 
method of subareas requires assumption 
of uniform charge density over each sub- 
area, it follows that the assumed dis- 
tribution of charge is not that of equilib- 
rium. Accordingly, the energy W 
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associated with the assumed distribution 
of charge Q is greater than the value WwW’ 
at equilibrium. Consequently, inasmuch 
as Coxact =Q?/2W’, Capprox = Q?/2W and 
W’<W, it follows that Capprox<C xact 
and Capprox approaches Cexact a8 @ limit 
as the number of subareas is increased. 


Charge Distribution on the Circular 
Disk and the Circular Annulus 


Use of four subareas for the circular 
disk yields average charge densities on 
the four subannuli of Figure 4 as follows: 


gi =0.14236 Vo 
g2 = 0.06559 Vo 


gs = 0.05715 Vo 
ga =0.05327 Vo 


Assuming these densities at the average 
radii of the corresponding subareas yields 
a distribution of charge over the disk as 
in Figure 6. The marked increase in 
density toward the outer edge is in accord 
with the theoretical fact that the charge 
density at the bounding edge of a plane 
area is infinite. 

The approximate charge distribution 
is in good agreement with the actual 
distribution (dashed curve) as plotted 
from the values of Table II which are 
calculated from the known equation’ 
g= V/n(a? — 7) = V/ra(1 — 7?/a?)'”, 
where 7=point under consideration, a= 
radius of the disk, and g=charge density.* 

Figure 7 indicates the charge distribu- 
tion on the annulus of 7,/r;= 1.5 as plotted 
from the values of Table III, calculated 
in determining its capacitance. In view 
of the good agreement between approxi- 
mate and exact distributions manifest in 
Figure 6, and having in mind the better 
accuracy to be expected for the annulus 
by virtue of the much narrower annular 
subareas, it is to be inferred that the 
indicated distribution of Figure 7 is a close 
approximation to the exact distribution. 


A Universal Curve 


The primary dimensions of C in centi- 
meter-gram-second units are those of 
length (whence the terminology of some 
19th century texts on electricity and 
magnetism in stating “‘a capacitance of 
10 centimeters’). Accordingly, the ratio 
of C to either the inner or outer radius 
(ro and 7) is dimensionless. In that C 
is a function of its geometry alone, thus 
of its two radii, and in that C/r, (say) is 
dimensionless, it follows that C/r, must 
be a function of only the dimensionless 
ratio 7,/r;. Thus, any annulus of fixed 


* It is to be recalled that the “charge density” 
under discussion is the sum of the densities on the 
two sides of the disk at a given point on it. 
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“te 
1) eI 
ratio r,/r; has the same value of C/r. 


Thus, a plot of a single curve of C/r 
versus 7/7, where r,/7; ranges from 1 
«©, affords knowledge of the capacitan 
of an annulus of any desired rad 
Figure 8, plotted from the values of 
Table IV, comprises this universal curve. 
For convenience of use, C is taken in | 
micromicrofarads. Ad 


Previous Solutions for the Circular — 
Annulus # 


Nicholson® has attempted solution fo 
the circular annulus by treating the 
annulus as the limiting configuration ap- | 
proached by a toroidal ring of elliptical 
cross section as the semiaxis of the ellipse’ 
(which is perpendicular to the plane of the 
ring) approaches zero. His solutions are 
invalidated by various incorrect analyti- 
cal procedures. In substantiation of thi 
remark we need only quote Nicholson’s 
comment based on his solution for the 
capacitance: “The presence of an inne 
edge much increases the capacity [over 
that of a circular disk of the same outer — 
radius].’’ This remark is directly con- 
trary to the well-known theorem in elec- 
trostatics that the capacitance of any © 
portion of a plane area, surface or volume — 
is less than the capacitance of the whole, — 
For example, we found the capacitance — 
of the circular annulus considered above — 
to be slightly greater than 3.94 micro-— 
microfarad; the known exact capacitance — 
of a circular disk of the same external © 
radius is 4.24 micromicrofarad. Thus, 
the capacitance of the annulus, a part of © 
the disk, is less than the capacitance of 
the whole disk. 

Lebedev’ also has attempted a solution | 
by considering the annulus as the limit-_ 
ing case of a toroidal ring of certain oval 
cross section. However, the analysis is 
extremely complicated and his end result — 
is to express the capacitance in terms of © 
certain harmonic functions associated 
with the ring which, however, are so 
complicated in form that they defy © 
calculation. Similar analytic difficulties” 
mark the investigations of Poole’ and 
Snow.® | 

In consequence, we have that the solu-— 
tion by subareas, as advanced in this | 
paper, comprises the first numerically-_ 
useful solution of the problem of deter-— 
mining the capacitancé and charge 
distribution of a circular annulus. _ 


Summary 
1. The basic theory of approximate 
calculation by the use of subareas of — 


the capacitance of a plane area and of the © 
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distribution of charge density over it is 
outlined. 

2. The method of subareas is em- 
ployed to obtain an accurate value for 
the capacitance of an annulus of ratio 
of outer to inner radius of 7,/7;=1.5. 

3. The fourth approximation to the 
capacitanée of a specified circular disk, 
as calculated by the method of subareas, 
is found to be in good agreement with 
the known exact value. As a circular 
disk is an annulus of ratio of radii 
%/t;= ©, it is to be concluded that the 
fourth approximation for the much 
narrower annulus of ratio 1.5 is very 
nearly the exact value. This conjecture 
is substantiated by the curve of Figure 3. 

4, Comparison in Figure 6 of the 
charge distribution on a circular disk 
as determined both from the known 
equation and by the method of subareas 


indicates that calculation of charge dis- 
tribution by use of subareas affords a good 
approximation to the actual distribution. 
Accordingly, the charge distribution of 
Figure 7 for the much narrower annulus 
is to be considered as a close approxima- 
tion to the actual distribution. 

5. The universal curve of Figure 8 
yields the capacitance of an annulus of 
any stated ratio of external to internal 
radii. 
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Discussion 


H. B. Dwight (Massachusetts Institute of 
Technology, Cambridge, Mass.): As men- 
tioned in the early part of the paper by T. 
J. Higgins and D. K. Reitan, there is a 
formula for the capacitance of only one 
shape of finite plane area, namely, an ellipti- 
eal area, which includes the case of a cir- 
cular disk. There are precise calculations 
for extremely few shapes of finite conduc- 
tors. The cases of a finite cylinder, of two 
parallel plates close together, and of groups 
of infinitely long wires require certain ratios 
to be very small. 

There are many other shapes for which 
the calculated capacitance is desired. One 
of the most common methods to be used is 
that of a Howe approximation, developed a 
number of years ago by G. W. O. Howe of 
England. Uniform charge density is as- 
sumed over the metallic surfaces and the 
calculated average potential of the surfaces 
iscomputed. The ratio of charge to average 
potential gives an approximate value of 
capacitance. 

For groups of infinitely long wires, as in 
overhead power ‘circuits, the error from 
using a Howe approximation is of the 
order of only 1 per cent. This occurs when 
geometric mean distance is used in cal- 
culating capacitance in groups of wires. 
For a circular disk, the error is about 8 per 
cent and for a wide annulus it is several per 
cent. The method of subareas described in 
this paper can be used where greater ac- 
curacy is desired than is available by the 
Howe approximation. The precision can 
be made greater and greater by lengthening 
_ the calculation. 

In view of the various needs for capaci- 
‘tance calculations and for flow calculations 
_of different kinds, such as current flow in the 

earth, the method of subareas should be of 
A widespread use. 


¥F. W. Grover (Union College, Schenec- 
tady, N. Y.): This paper is a clearly 
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written and interesting application of a 
general method, proposed by the authors, 
for the solution of problems in electro- 
statics, where the geometry of the system is 
such as to render an exact solution very 
difficult, if not impossible. This general 
method is one of successive approximations, 
the accuracy attainable depending upon 
the number of subareas into which the con- 
ductor is supposed to be divided. In the 
example given, four subareas are assumed 
and a gratifying degree of precision is at- 
tainable. The greater the number chosen, 
the greater the attainable precision, but the 
labor of precision goes up as the square of 
the number of subareas. By applying the 
method to the solution for the capacitance 
of a disk, where the exact formula is known, 
an upper limit to the error of the result in 
the present problem is obtained and the use 
of four subareas is proved to be accurate 
enough for practical purposes. The authors 
are to be congratulated on their successful 
method of attack for the solution of such 
problems. 

The accuracy of the solution in the pres- 
ent case depends upon the sufficiency of 
the equations for the potentials V, and 
V2. For subareas not very far apart, the 
series for V; in equation 5 will be satisfac- 
torily convergent, since k’ will besmall, The 
equation 6 for V2 is subject to no limitations, 
since the elliptic integral can be obtained from 
tables for any modulus. This suggests the 
possibility that V, also may be expressed 
in elliptic integrals. This proves to be the 
case. The equation found is 


Vi =4qr[1-E+h*K] 

where K and E are complete elliptic in- 
tegrals of the first and second kinds to 
modulus/r. i’? = 1 — (m/r)?. 

As a check on this expression, we find for 
the case x, = 11/2 and r=23/4, that is, for 
the first term of Vpn, given in the equation 
immediately following equation 9. 


2 45 

p2=1-(22) == =0.0850602, 
93) ~ 529 

K =2.654443, E= 1.092296 
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45 
ae zo 1 — 1.092296 + $ .054445) | 
= 3.070669 


This expression applies for annular, concen- 
tric, and coplanar subareas at all distances. 
For completeness it may be mentioned 
that, when k.’= 1 — [r/xz|? is small, the 
expression for V2 may be expanded to read 


4 3 
Ve=tark| (te rma. age x 


GP Rs oJ aas Na ne ie nae 
For cases where the modulus itself is small, 
the elliptic integral expressions may be 
expanded in terms of the well-known ex- 
pansions of the elliptic integral in powers of 
the modulus. 

It seems likely that the application of the 
general method to the finding of the capaci- 
tance of two coaxial annuli in parallel 
planes would yield elliptic integral ex- 
pressions with somewhat more complicated 
equations for the moduli. 


Ernst Weber (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): The method of 
subareas represents, without doubt, an 
excellent contribution to the practical 
methods of computing capacitance of 
charge distributions. In principle, the 
method is an ingenious adaptation of Max- 
well’s coefficients of potential! for a system 
of electrostatic conductors which system is 
composed of the subareas into which the 
given conductor is subdivided. The evalua- 
tion of the coefficients of potential still re- 
quires considerable detail calculation, but 
the total amount of effort is incomparably 
smaller than the complete solution of a 
boundary value problem would entail. 
Because the coefficients of potential must 
be directly computed in this method, it is 
necessary to choose the subareas of simple 
geometries as the authors have done for the 
circular disk and the circular annulus. 
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I should like to ask a few specific ques- 
tions: 

1. How has the final value been es- 
tablished for Figure 3 giving the capacitance 
of a circular annulus. Comparison with 
Figure 5 would indicate that the exact 
capacitance of the annulus is 5 per cent 
above the value of the fourth approximation. 
Should one assume the same degree of ac- 
curacy for the fourth approximation of the 
annulus? It would,- of course, be of in- 
terest to find the value of the eighth ap- 
proximation, for example, permitting a bet- 
ter approximation to the exact value. 

2. The method is not restricted to uni- 
form subdivision of the conductor area. 
Nonuniform subdivision towards the edges 
might lead to a very much better approxi- 
mation of charge densities. This could be 
done without undue complication of the 
computations if the last subarea towards 
the edge be choseu very narrow. 

3. For practical computations the self 
coefficients of potential for the circular 
annulus can apparently be taken directly 
from Figure 8. Would it be possible to 
substitute for the mutual coefficients be- 
tween subareas the coefficients of simple 
circular line charges assuming the lines have 
very small but finite diameter identical 
with the thickness of the disk. This might 
further simplify the detail calculations of 
the coefficients. 

It will be interesting to see further ap- 
plications of this method to axially sym- 
metrically conductor surfaces for which 
several rather crude approximation methods 
have been proposed in the past, as for ex- 
ample by J. C. Maxwell, page 305.1 


REFERENCE 


1. See reference 5 of the paper. 


W. R. Smythe (California Institute of 
Technology, Pasadena, Calif.): The method 
of subareas presented in this paper is a very 
powerful one for attacking problems which 
cannot be solved rigorously by anyother 
means. A striking example is the calcula- 
tion by these authors of the capacitance of a 
cube. In the case of the circular annulus it 
may be-of interest to give a. formula ob- 
tained by- another method. which, while not 
quite as accurate as the four. subarea ap- 
proximation when 7)/r; is 1.5 will be con- 
siderably more precise for large values of 
ro/r; and is exact in the limit 7; = 0. 

First consider a freely charged disk of 
radius ro at potential V. Now calculate 
the charge induced on an infinite sheet at 

' potential zero containing a hole of radius ti 
in which there is a fixed charge distribution 
identical in magnitude but opposite in sign 
to that on the portion of the disk inside 7;. 
Superposition of these two systems gives 
the required annulus at potential V under 
the influence of a small positive coplanar 
charge outside it. Removal of this charge 
will decrease V and hence increase the 
ratio Q/ V so that the capacitance given by 
this ratio is too low. The original charge 
on that part of the disk between 7% and 1, 
is found by integrating equation 3 on page 
114 of Static and Dynamic Electricity.) 
The induced charge is found by integration 
of the result of problem 39 page 203 of the 
same book. Addition of these charges and 
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division by V gives for the lower limit of the 
capacitance, in farads, 


(16¢/2) { 7 cos }(ri/ 70) + (10? — 12) hb 
sinh7? [ri (ro2—1i2)~ /*]} 


where rp and r;are in meters and e is 8.855 x 
10-12. In the special case when ™% is 
0.04 meter and 7 is 0.06 meter this gives 
3.901 micromicrofarads against the 3.9427 
micromicrofarads by the four subarea ap- 
proximation. Although it is 1 per cent less 
accurate for ro/r;=1.5 its precision im- 
proves rapidly as ro/7; increases and when 
7; is zero it gives exactly the capacitance 
8er, of a circular disk. 
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T. J. Higgins and D. K. Reitan: Relative 
to Professor Dwight’s mention of Howe’s 
method for approximating the capacitance 
of a conductor, it may be remarked that 
this was originally used by Howe to ap- 
proximate the capacitance of rectangular 
plates, in connection with some work on 
antennas. The authors have pending publi- 
cation a paper which contains a universal 
curve for the capacitance of a rectangular 
plate of length d and breadth 6, calculated 
by the method of subareas. Comparison 
of this curve with a similar curve stemming 
from Howe’s approximation reveals that 
the curves are in good agreement for large 
values of d/b—as is to be expected; but that 
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as d/b decreases the agreement waren me) 
the end that the Howe approximation is i 
error by about 4.8 per cent for the limiting 
case of the square plate, d/b = 1. 

In general, if a given conductor is char- 
acterized by two appropriately-chosen geo- 
metrical parameters, the Howe approxima- 
tion is good when the value of one parameter 
is large compared to the other, and worsens 
as the two approach each other. Thus, in 
the case of the annulus, if we take"%, and 
(ro — %)=t as characterizing the annulus, 
the Howe approximation is excellent when 
ro/t is large and—as Professor Dwight re-— 
marks—worsens as f/f — 1, the limiting 
case of the circular disk of radius 7p. A 
similar remark applies to a cylinder of 
length d and radius 7, the error being small 
for d >>r, the case of a long wire. ae 

On reading Professor Grover’s discussion 
and comparing it with the comments of 
one of the reviewers, similarity of content re 
discussion of use of elliptic integrals indi- — 
cated that Professor Grover was probably 
the mentioned reviewer—a surmise recently 
confirmed by Professor Grover. The use of 
elliptic integrals, rather than the series in ~ 
terms of Legendre polynomials used in the 
original draft of the paper, very much facili- 
tates numerical computation. The writers 
are much indebted to Professor Grover for 
his valuable suggestion. ; 

It is to be remarked that the writers have 
taken up preparation of a universal curve 
for the capacitance of a parallel-plate ca- 
pacitor comprised of two identical coaxial — 
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Figure 1. Charge distribution on circular 
annulus, using 8 subannuli 
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-aunuli. Professor Grover’s conjecture that 


more complicated elliptic integral expres- 
sions would arise proves to be very true! 
The basic expression required for the men- 
tioned problem is that for the potential of a 
uniformly charged disk, of unit charge 
density and of radius r, at any point in 


space (a, 6, c) and this is found to be 


Voted y( —k’” sin? XF\(k) — 


k? sin d cos 


[5+ { F,(k) —Ex(k)} 


1—’? sin? 
F(R’) — E(k) ze) |f 

wherein 
k=1—k, k=; 

’ rte’ 

1 
sin? \= @=r+6 
— 
ps 


Corroboratively, if the point is on the 
vertical axis of the disk or in its plane, this 
expression reduces to known expressions 
for these two special cases. 

We answer Professor Weber’s questions 
in the same order they are advanced: 

1. Itis to be noted that for four subareas 


the slope of the curve of Figure 3 (thus, its 
rate of increase at this point) is much less 
than that of Figure 5 at the same point. 
This smaller rate of increase indicates that 
the curve of Figure 3 is leveling off faster 
than is the curve of Figure 5 and that the 
error corresponding to the value of four 
subareas is smaller for the annulus than 
for the disk. A confirmation based on the 
suggested use of 8 annuli has been carried 
out, The calculated value using 8 annuli 
is C=3.5875 electrostatic units =3.9861 
micromicrofarads, This is only about 1 per 
cent larger than the value found using 4 
subannuli. 

2. The suggestion that nonuniform sub- 
divisions be used to increase accuracy of 
approximation to the charge density is an 
excellent one. Thus, in that the exact 
charge distribution on the disk, as indicated 
in Figure 6, is such that the density is sub- 
stantially constant from the center up to 
about 0.575 suggests that a better agreement 
of charge distribution is to be obtained by 
dividing the disk into annuli of radii: 


74=0, r6=1; n=1, r9=1.5; 17 =1.5, 
fo=1.75; 4 =1.75, to =2 


This conjecture is confirmed by calculation 
with these values. However, it is to be 
noted that a corresponding increase in the 
accuracy of the value of the capacitance will 
not be obtained: the value of this parameter 
is relatively insensitive to such changes in 
the radii, being influenced primarily by the 
number of annuli used. Thus, the charge 
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distribution for the illustrative annulus, as 
determined through use of 8 subannuli is 
shown in Figure 1 of the discussion and 
may be compared with the corresponding 
distribution of Figure 7 of the paper, based 
on 4 subannuli, 

3. The suggestion advanced was tried 
but did not prove fruitful. 

4. The method of subareas is applicable 
to the solution of the type of axially-sym- 
metric conductors mentioned. <A techni- 
cally interesting axially-symmetric conduc- 
tor is the finite cylinder, the capacitance of 
which has not been calculated accurately 
to date, except for the limiting cases of the 
circular disk and the very long cylinder. 
Calculation of a universal curve by the 
method of subareas now is under way. 

Professor Smythe’s method of approxi- 
mating the capacitance of an annulus is a 
most interesting one. He is expanding his 
discussion into a paper which will appear in 
The Journal of Applied Physics. 

In conclusion, it is to be emphasized that 
the method of subareas is not limited to 
effecting the capacitance and charge dis- 
tribution of conductors, but is generally 
applicable to the determination of param- 
eters and variable quantities of numerous 
problems in electricity, acoustics, heat, fluid 
flow and aerodynamics which are charac- 
terized by a scalar potential function and 
prescribed boundary conditions. Ac- 
cordingly, the subarea method enables the 
rather easy solution of many important 
problems which have hiterto proved in- 
tractable to accurate computation. 
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Synopsis: Previously developed methods of 
analysis of magnetic amplifiers with gradu- 
ally varying incremental permeability are 
applied to the study of the general transient 
response of single-stage amplifiers. In the 
first part of the paper, curves are presented 
which describe the transient response of 
magnetic amplifiers without feedback in 
general dimensionless form. The curves 
apply for transients in which the alternat- 
ing voltage at the amplifier terminals is con- 
stant, but convey useful information also 
for other actual operating conditions. In 
the second part, the analysis is extended to 
feedback amplifiers with a-c output operat- 
ing in conditions of negligible commutation. 
Experimental checks indicate the order of 
accuracy obtainable. 


The General Transient Response 
of Magnetic Amplifiers Without 
Feedback 


N A previous paper! an analysis has 

been indicated for the transient re- 
sponse of a magnetic amplifier without 
feedback upon application of a step sig- 
nal. The analysis applies to “slow” tran- 
sients, lasting at least several cycles of 
the alternating voltage, for which it is 
‘acceptable to evaluate instantaneous 
values of the output current from steady- 
state expressions on the basis of the value 
of the d-c component of flux density 
By that exists in the cores at the time 
considered. By, is obtained as a function 
of time during the transient by integra- 
tion of the first-order circuit differential 
equations which can be written for the 
signal circuit and for the various other 
circuits coupled with it (bias circuits and 
also loop formed by the output windings, 
whenever these are parallel-connected) 
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under assumption of negligible leakage 
fluxes. Graphical solutions are thus ob- 
tainable for any specific instance if the 
steady-state relationship between d-c 
component of flux density and signal cur- 
rent is known, as shown also by other 
authors.? The integration can be per- 
formed also in a straightforward analyti- 
cal way if the normal magnetization 
curve of the cores is approximated, for 
example, by a hyperbolic sine function, 
whenever the assumption can be made 
that the alternating component of flux 
density is constant (or does not vary con- 
siderably) during the transients. 


The analysis has been developed in 
reference 1 for the particular case of a 
step signal voltage applied from initial 
conditions of zero d-c core magnetization, 
and curves have been calculated (and 
checked experimentally) which express 
the gradual build-up of output currents 
(crest, or rms or rectified average) 
towards their final steady state in terms 
of the data of design of the amplifier. In 
the first part of the present paper, the 
study is extended to any more general 
kind of initial conditions, thus including 
transients caused by decreases or rever- 
sals of the signal. The results of the 
analysis, performed in Appendix I, are 
presented concisely in the general dimen- 
sionless curves of Figure 1 which have 
been calculated from equations 18 and 19. 
The notation used is consistent with the 
symbols already introduced in a previous 
analysis in dimensionless form for the 
steady state. Thus, it is defined 
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where /;; is the output current through ~ 
the a-c source and load (‘‘rectified aver- 4% 
age’ amperes) at the time ¢. J is related ? 
to the number JN; of turns per core of the — 
output windings by the relation N= ; 
2N, for the series-connected magnetic 
amplifier, or N=N.2 for the magnetic ‘ 
amplifier with parallel-connected output — 
windings. J is the mean length of the 
magnetic path of one core (for example, 
in meters). U is one of the constants ap- 
pearing in the analytical relationship 


which approximates the experimental 
normal magnetization curve of the given 
cores (/7=magnetizing intensity, for ex- 
ample, ampere turns per meter, B=flux 
density, for example, weber per square 
meter). 

The factor m in Figure 1 is defined in 
equation 20, reference 3, and is plotted in 
Figure 2 as a function of @,,, where 


H=U sinh uB 7 
; 


Bm =UBm =u—— —— (3) 
where B,, is the crest of the component of 
the flux density alternating in the cores at _ 
the supply frequency f=@/2m (for ex-— 
ample, cycles per second), Emax/V is they 
crest value of the corresponding volts per 
turn, and A is the cross-sectional area of 
one core (for example, square meters). 
Furthermore, « is the other constant 
appearing in equation 2 . 

For the abscissae of the curves of Fig- 
ure 1, ¢ represents the time (in seconds) 
and 7 is a time scale factor defined as 


= A > N,? 
* Uuln ly 
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' n, as defined in equation 21, reference 3, 


is the modified Bessel function of first 
kind and zero order of @,, (already defined 
in equation 3). For easier reference this 
function also is plotted in Figure 2. The 
summation of the ‘‘turns square per ohm”’ 
appearing in equation 4 is extended to 
include all circuits in which unidirectional 
currents\\are induced during the tran- 
sient. In amagnetic amplifier with series- 
connected output windings, with a signal 
circuit having JV; turns per core and 2R, 
total signal circuit resistance and with 
one bias circuit having N, turns per core 
and total circuit resistance 2R,, it is sim- 


ply 


More terms of the same type appear in 
the summation in cases of more than one 
bias circuit, andan additional term N2"/R» 
appears also for a magnetic amplifier 
with parallel-connected output windings 
of V2 turns and R ohms per core. (It may 
be also of interest to observe that 1/Uu 
= (dB/dH)x-~» for the representation of 
equation 2 so that 7 results evidently as 
the ratio of an inductance to a resistance.) 
Every curve of the family plotted in Fig- 
ure 1 is defined by the steady state of 
output Fz. reached at the end of the 
transient, divided by m. This output 
may be known or may be calculated from 
the steady-state general dimensionless 
characteristics presented in Figure 2, 
reference 3, in terms of the applied a-c 
voltage and of the steady-state values of 
signal and bias currents. 

It has been found convenient in Figure 
1 to express the output Sz:/m as a func- 


Figure 1. Transient response of magnetic 
amplifiers without feedback 


F _1 Ni ad A N*, 
= i 


tion of ¢/7 for transients beginning from 
fictitious initial conditions of infinite d-c 
component of core magnetization. In 
any practical instance, of course, the ini- 
tial conditions of the transient in question 
will correspond to some finite d-c magne- 
tization to which corresponds also some 
known finite value of the initial output 
Sx. Then, for any such instance, the 
origin of abscissae needs only to be trans- 
lated to the right so as to coincide with 
the abscissa for which, on the proper 
Fi /m curve, the output is equal to the 
given F1o/m. A justification of this pro- 
cedure is seen in Appendix I in the fact 
that the relationship between F;, and ¢ 
results from the integration of a differen- 
tial equation which is nonlinear but is 
still of the first order. Thus the time re- 
quired during the transient to reach any 
output %,, from a known initial F,, can 
be evaluated as the time required to 
reach ¥,, from an assumed state of 
infinite d-c magnetization minus the 
time required to reach Fz from the same 
assumed state of infinite d-c magnetiza- 
tion. 


For the same reason, it is seen that the 
use of the curves of Figure 1 is not neces- 
sarily limited to the study of transients 
beginning from a condition of initial 
steady state. The value of average out- 
put current existing at the instant of 
application of the step signal is sufficient 
to define the time origin on the graph, 
regardless of whether this current hap- 
pened to be constant or rather building 
up or decaying in other preceding and 
not yet died-out transients of the same 
nature. Hence, transients caused by 
gradual changes of the signal voltage can 
also be studied under approximate substi- 
tution of the given signal with a succes- 
sion of short step signals of convenient 
magnitude. 

Moreover, transients caused by sudden 
variations of the resistance of the control 


circuit are also represented by the curves 
of Figure 1 on the basis of the values of 
Sz0 existing before the variation and of 
S57. and 7 corresponding to the new signal 
circuit conditions. 

The curves given in Figure 1 are of two 
kinds. Some curves show a continuous 
decay, that is, Fz:/m reaches Fz... /m from 
the initial value with a constantly nega- 
tive slope. These curves apply for build- 
down transients in which the application 
of the step signal causes a decay but not a 
reversal of the d-c component of flux den- 
sity. 

Other curves show a decay of Fz:/m 
and a subsequent rise. These curves 
apply for transients in which the d-c com- 
ponent of flux density decays from its 
initial value, reaches zero, and builds up 
again towards its steady state with re- 
versed polarity. These same curves, used 
in the portion of increasing $z./m, apply 
also for rising transients, that is, for tran- 
sients characterized by a continuous in- 
crease of the absolute value of d-c com- 
ponent of flux density. (In particular, 
when the time origin is set at the point of 
minimum &r:/m, these curves yield the 
same information obtained in reference 1, 
which was limited to the analysis of rising 
transients from initial conditions of zero 
value of initial d-c component of flux den- 
sity.) 


INFLUENCE OF LOADS 


The analysis developed is based on the 
assumption that the alternating com- 
ponent of flux density in the cores varies 
sinusoidally with constant amplitude 
throughout. With a-c line voltage con- 
stant, the assumption is acceptable when 
voltage drops in load and output winding 
resistances are small. Thus, the curves 


of Figure 1 describe rather well transients, 
or portions of a transient, in which the 
output currents are low, as is the case 
when the d-c component of flux density 
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By, is varying through or around zero. 
This result of the analysis is already of 
appreciable practical interest, as it is 
during these conditions that the amplifier 
shows a most sluggish response and severe 
“time lapses’’ are observed.‘ 

A direct extension of the transient 
analysis presented to conditions of con- 
siderable voltage drops in the load is not 
possible, as the differential equations of 
the amplifier circuits defy integration 
rigorously or by any simple numerical 
procedure. Indeed this difficulty has 
been recognized already for analyses of 
steady-state performance and in such 
casesone resorts to the well-known expedi- 
ency of using approximate load lines (load 
ellipses, and so forth) in conjunction with 
amplifier characteristics that have been 
measured or calculated under conditions 
of short-circuited load. Similar proce- 
dures can be suggested for the use of the 
curves of transient response of Figure 1 
in actual situations in which loads are 
present. 

Since, for a given a-c supply voltage, 
Gm varies with varying output currents 
during the transient in a way which is 
predictable by means of the steady-state 
load lines, the complete transient con- 
ceivably may be subdivided into a num- 
ber of portions for which different values 
of an approximately constant ®,, can be 
assumed. 

A considerably simpler procedure may 
be adequate providing the variations 
of ®, during the transient are not too 
extreme. For this, m and 7 are evaluated 
on the basis of the highest value of ®, 
during the transient (which occurs at the 
lowest F,, and @o,). The initial and the 
steady-state value of output currents are 
known for the given transient and, hence, 
Firo/m and Fr./m are calculated. The 
transient in question is represented then 
fairly well by the curve of Figure 1 de- 
fined by such &z../m, with time origin at 
¥,o/m. (In this way the given transient 
with load is approximated by a no-load 
transient with the same initial and final 
output currents and with somewhat modi- 
fied initial and steady-state values of 
signal.) 

A close examination of the influence 
of ®m upon the scale factors and the 
other parameters defining the curves of 
Figure 1 supports this procedure qualita- 
tively, although, of course, no quantita- 
tive justification can be given for it ana- 
lytically. An extensive number of ex- 
perimental investigations, some of which 
are described here, indicate that the ex- 
pedient suggested gives results well within 
the range of accuracy obtainable in prob- 
lems of this nature. 
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EXAMPLES AND EXPERIMENTAL CHECKS 


The tests described here have been 
performed on a magnetic amplifier with 
the following specifications: 


Core material: Hypernik, core cross sec- 
tion A =4.2:10~4 square meter, mean length 
of magnetic path /=0.181 meter, constants 
of the hyperbolic sine fit U=12.7 ampere 
turns per meter, ~=4.6 square meters per 
weber. 

Signal circuit N;=2,000 turns per core, 
total signal circuit resistance 2R, = 235 ohms 
(in most tests). 

Output circuit N2=2,000 turns per core, 
resistance per core winding R,=85 ohms, 
output windings connected in series. 

Frequency of supply voltage, 60 cycles. 


The transient was caused in all cases by 
a sudden variation of the signal voltage 
obtained from potentiometric arrange- 
ments. The output current was recorded 
on a calibrated oscilloscope, whose beam 
initiated its sweep a couple of cycles be- 
fore the transient, so as to record also the 
initial pretransient conditions. The time 
origin of the transient was marked by a 
pip of increased beam intensity, which is 
discernible in the oscillograms shown in 
(A), (B), and (C) of Figure 3. 

Since the analysis developed applies to 
rectified average outputs, while the oscil- 
lograms are most easily scanned in terms 
of peaks of output current, ammeters 
measuring both quantities were inserted 
in the output circuit. In this way, ratios 
between peaks and averages were easily 
obtained in steady-state measurements 
over the range of outputs covered in the 
transient. (Actually, for materials whose 
magnetization curve can be approximated 
by a hyperbolic sine, the ratio between 
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peaks and rectified averages is theoreti 
cally constant for constant ®, and, 
fact, good experimental agreements (wi 
errors of no more than 10 per cent) hay 
been found with the upper curve of Fig 
12, reference 3, which represents ratios 
between peak and average outputs as a 
function of ®,» only. This, however, no 
longer applies when loads are presént in 
the output circuits, and in such cases a 
scaling down from peaks to average 
values on the basis of steady-state meas- — 
ured ratios is needed.) 

Figures 3(a) to 3(f) present some com- 
parison between theoretical transients 
shown in full lines and experimental 
values resulting from a reduction of 
peaks to average values as described pre- 
viously. These few figures give typical 
results, chosen from a large variety of 
tests performed during the preparation of 
the paper. Some of the tests presented 
actually are particularly severe as they ~ 
cover a broad range of outputs with ~ 
transitions through zero d-c component of 
flux density. : 

In Figure 3(a), initial output current 
I,9=85 milliamperes (ma), steady-state — 
final current J7.=85 ma. Crest of the 
voltage produced by the alternating com- 
ponent of flux density in the 22 turns — 
En =387.5 volts (from rms measure- 
ments of voltages induced at the lowest 
value of output current that occurs during 
the transient). The corresponding dimen- 
sionless quantities Fz, Fro, and Bm, 
calculated per equations 1 and 3, are 
marked in the figure. Moreover, T= 
0.275 second, and the origin of the 
abscissae for the theoretical curve of 
Figure 1 was translated to the point fo/r 
=0.046. No-load tests, as well as tests 
with various loads (all with the same I7, 
Ino, and E, at lowest output) are pre-— 
sented. (Oscillogram A was obtained in 
this test for the no-load transient.) 

In Figure 3(b), Iz), zm, and E,, are the 
same as in Figure 3(a). The transient 
was speeded up by an increase of 200 ohms ~ 
in the signal circuit, so as to obtain T= 
0.1485 second. (Oscillogram B was ob- 
tained in this test.) ] 

In Figure 3(c), J;)=88 ma, Ino= 
5.38 ma, H,=387.5 volts (at minimum 
output). (Oscillogram C was obtained in 
this test.) 

In Figure 3(d), Ino=94 ma, Ino= 
94 ma, E,=225 volts, 7=0.592 pecate, 
to/r = 0.017. 

In Figure 3(e), I,=77 ma, Ino= 
77 ma, E,»,=550 volts, r= 0.120 second, 
to/7 =0.115. 

In Figure 3(f), [,,=94 ma, Ito = 
2.22 ma, Em=225 volts, 7=0.592 © 
second, ¢/r=0.024. $ 
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Figure 3. Nonfeedback transients 


The Transient Response of Magnetic 
Amplifiers with Feedback Cases 
of Negligible Commutation 


because the direct component of flux 
density Bo, which determines the output 
at any time as per equation 18, Appendix 
I, depends then not only upon signal and 
bias currents but also upon the feedback 
currents. 


The presence of feedback circuits (as 
shown, for example, in Figures 1(C) and 
1(D) of reference 3) modified the analysis 
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The direct component of feedback cur- 
rents may be obtained during the “‘slow”’ 
transient using steady-state relations on 
the basis of the value of Bo,, that exists at 
any time, but it must be recognized that 
additional currents of a different kind 
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(which are not present in any true steady- 
state operation) also are caused to circu- 
late in feedback turns by voltages that 
are induced in the feedback windings by 
the time variations of Bo, during the 
transient. These induced currents may 
delay the duration of the transient sig- 
nificantly if simultaneous conduction of 
the feedback rectifiers occurs over large 
portions of each cycle; in fact, during 
commutation periods, an easy path is 
offéred directly through the feedback 
windings on both cores and through the 
simultaneously conducting rectifiers. On 
the other hand, when commutation does 
not occur, or is practically limited to small 
portions of each cycle only, it can be 
shown that the over-all response of the 
amplifier is not affected noticeably. (A 
justification of this statement is given in 
Appendix III.) 

An extension of the previous transient 
analysis to amplifiers with feedback cir- 
cuit is comparatively simple if commuta- 
tion phenomena are negligible through- 
out. Insuch cases, according to the state- 
ment in the preceding paragraph, the 
induced currents mentioned can be 
neglected. A further simplification is 
given also by the fact that direct com- 
ponents of feedback currents are equal 
(or easily related) to rectified averages of 
output currents, when commutation is 
negligible. A transient analysis valid for 
conditions of negligible commutation is 
given in Appendix II, in which expressions 
are obtained for the rectified average of 
output current as a function of time in 
terms of the crest of alternating flux den- 
sity and of the initial and steady-state 
final output current. 


On the basis of equations 25 and 28, 
sets of dimensionless curves can be cal- 
culated that apply for a given ratio of 
feedback turns to output turns and for a 
chosen value of the dimensionless crest of 
alternating flux density ®,,. Families of 
curves of this type are presented in Fig- 
ures 4(a) and 4 (b) for ®,=2, and in 
Figures 4(c) and 4(d) for ®,,=4 for the 
practically most interesting case of self- 
feedback (Figure 1(D), reference 3). The 
same curves apply also for external feed- 
back circuits (Figure 1(C), reference 3) 
for which the number of feedback turns 
per core equals the number of turns per 
core of the output winding. 

The symbols used are the same as be- 
fore (that is, §,, and F.. are dimension- 
less rectified average outputs as defined 
by equation 1 at the time ¢ and in final 
steady state, respectively; r is defined by 
equation 4, although the abscissae are 
now t/nr). Asin Figure 1, the time origin 
is established in the curves under assump- 
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tion of transients starting from initial con- 
ditions of infinite d-c magnetization; 
again the origin of the abscissae shall be 
translated to the right so as to coincide 
with the abscissa for which, on the proper 
Fz» curve, the output is equal to initial 
§,) of the transient considered. 

Two additional remarks appear indis- 
pensable for the interpretation of the re- 
sults presented: 

(1) Steady-state outputs of magnetic 
amplifiers without feedback depend only 
on the absolute value of the resultant 
magnetomotive forces of signal and bias 
currents. Sign conventions can be estab- 
lished for one of these currents quite 
arbitrarily, and the signs to be used for 
the other currents or magnetomotive 
forces result rather obviously for any 
specific situation. Transients in magnetic 
amplifiers without feedback are defined, 
in the curves presented in Figure 1, simply 
by the initial and steady-state final out- 
put, with the further information of 
whether or not the total magnetomotive 
force of signal and bias remains of the 
same polarity (no matter whether called 
positive or negative) throughout the 
transition from initial to steady-state 
final conditions; accordingly, two differ- 
ent curves are drawn for each value of 
F_«/m in Figure 1 for these two possible 
situations, and the choice of the appro- 
priate one of the two should present no 
difficulties. 


When magnetomotive forces of feed- 
back are also present, more explicit sign 
conventions are needed. Since feedback 
currents can flow only in the direction 
dictated by the feedback rectifiers, it 
appears convenient in the following to 
establish that the magnetomotive force 
of feedback is inherently positive and to 
give signs to all other magnetomotive 
forces accordingly. When in steady state 
or at any time during a transient the total 
d-c component of magnetomotive force, 
obtained by algebraic summation of 
magnetomotive force of signal, bias, and 
feedback currents, is positive, positive 
feedback operation takes place (and, by 
equation 15, By is also positive). This is 
the case when the magnetomotive force 
of signal and bias is positive or also nega- 
tive, but not large enough to overcome 
the magnetomotive force of feedback. 
On the other hand, negative feedback 
operation occurs when the magnetomotive 
force of signal and bias is negative and 
large enough to overcome the magneto- 
motive force of feedback in the algebraic 
summation (Bo is then negative), The 
transition between the two types of opera- 
tion occurs when the d-c components of 
magnetomotive forces of signal, bias, and 
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feedback cancel. In these conditions, the 
d-c component of flux density By, is zero — 
and the output current is minimum by s 
equation 18. a 
Figures 4(a) and 4(c) apply for tran- 
sients in which By, increases algebraically — 
from the initial condition towards the — 
steady state. (On these curves the origin — 
of the time scale corresponds to a@ficti- 
tious condition of infinite negative d-c F 
magnetization.) On the other hand, ~ 
Figures 4(b) and 4(d) apply for transients 
in which B, decreases algebraically from : 
Ee 
ri 
% 


the initial condition towards the steady — 
state. (On these curves the origin of the — 
time scale corresponds to a fictitious con- % 
dition of infinite positive d-c magnetiza- — 
tion.) Conspicuously different time re- — 
sponses result for the different cases. 3 
(2) The curves presented in Figure 4 _ 
have been obtained under the assumption — 
of negligible commutation throughout and } 
therefore, strictly speaking, should be — 
used only when this assumption is justi- ‘ 
fied. One may check whether this is the — 
case for any specific transient extending 
the considerations given for the commu- 
tation phenomena in steady state in 
reference 3 to the “‘slow” transient. (In 
fact, it has been pointed out by others 
(discussion of reference 2) that the volt- 
ages induced in the feedback windings by 
the time variations of B,, during the 
transient are not likely to upset notice- 
ably the rhythm of conduction and non-— 
conduction of the single feedback recti- j 
fiers.) : 
Figures 5 or 10 and 11 of reference 3 4 
indicate, for instance, that very short — 
commutation periods may be expected in ; 
a 


positive feedback operation for values of — 
the output somewhat larger than mini- 
mum. Accordingly, the curves pre- — 
sented in Figure 4 are traced with full : 
lines in portions for which the assumption — 
seems to be valid. On the other hand, the 
dotted portions represent conditions in — 
which commutation is likely to be con- — 
siderable. (The information conveyed by — 
the dotted portion may be of some use 
with the introduction of convenient cor- — 
rection factors, as will be shown in a sub- 

sequent paper dealing more specifically 

with transients under conditions of con-— 
siderable commutation.) 


EXAMPLES AND EXPERIMENTAL CHECKS 


The tests presented now were obtained — 
using the same reactors described, with — 
the output windings connected for self- 
feedback operation and a-c output, by 
use of rectifiers with an approximate for- 
ward resistance R,=50 ohms. The tests 
were made at 60 cycles and in regions of 
positive feedback, for which assumptions — 
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minimum (initial) output. Total signal 
circuit resistance 2Ri=1,250 ohms, "T 
=(.254 second, origin of abscissae trans- 


lated to fo/nr = 0.248. 


‘In Figure 5(a), initial output current 
I,)=42 milliamperes (ma), steady-state 
final current Jz.=173 ma. Crest of 
induced a-c voltage E,=225 volts at 


of negligible commutation are valid. 
Comparisons of theoretical transients, 
(full lines), and experimental values 
are shown in Figures 5(a), (b), and (c). 
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F.eo/m=150 
xX —R, =0 
—R, +250 ohms 
—R, =300 ohms 


0 10 20 30 40 
Time — Cycles 


(a) 


(c) 


In Figure 5(b), Z;,=300 ma, Jrn.= 
57.5 ma, Em,=112.5 volts at minimum 
(final) output. Total signal circuit resist- 
ance 2R,;=235 ohms, m7=1.35 second, 
to/nt =0.048. 

In Figure 5(c), Iy,=9 ma, Ine= 
288 ma, L,,=112.5 volts at minimum 
(initial) output. Total signal circuit 
resistance 2R,;=235 ohms, nr=1.35 
second, fo/nr=0.175. (Oscillogram of 
Figure 5(c) was obtained for these con- 
ditions at no-load.) 

It is seen that, in the presence of loads 
(R,’s), the transient can be calculated in 
many cases from the zero load curves of 
Figure 4 in terms of initial and final out- 
puts and of the value of @,, that corre- 
sponds to the minimum output current. 
This procedure of expediency, however, 
has a narrower range of validity than in 
the case of nonfeedback circuits (as 
should well be expected). Reasonable 
accuracy results in Figures 5(a) and 5(b), 
in which @,,, by varying output current, 
varied less than 20 per cent from the value 
at minimum output. On the other hand, 
‘considerable departures from the theoreti- 
cal response were observed in general for 
load conditions causing larger variations 
of ®,, the theoretical response resulting is 
slower than measured in build-up tran- 
sients and faster in build-down transients. 
Figure 5(c) indicates results of this kind. 


Appendix |. Transient Analysis 
of Amplifiers Without Feedback 


For the magnetic amplifier without feed- 
back and series connected power windings, 
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Bm * 2 
FKo/m * 262 
Fieo/m= 50 

x —R, #0 

© —R, +50 ohms 
—R, #100 ohms 


0 10 20 30 "40 50 
Time — Cycles 
(b) 
¥./m=7.8 
oa ¥F,o/m=250 
x —R,=0 


© —R, =50 ohms 


Bm*20 
° 10 20 30 
Time — Cycles 
(c) 
Figure 5. Self-feedback transients 


the following differential equations can be 
written 


d 
Ey = 2B t+ MA 7 (Bat Ba) 
for the signal circuit (5) 
d 
Ey =2Roin + NoA7 (Bat Ba) 


for the bias circuit (6) 


With self-explanatory subscripts and indexes 
E’s are d-c signal or bias voltages, z’s are 
instantaneous values of currents, 2R’s are 
total circuit resistances, N’s are here num- 
ber of turns per core. A is the core cross 
section and B, and Bg are total instantane- 
ous values of flux densities in the cores a 
and £6 at the time ¢. 

For the case of parallel-connected output 
windings, the additional equation is written 
for the loop formed by these two windings 


d 
O= Rita) Ned (Ba tBe) (7) 


where the direction of 72 is chosen positive 
when giving magnetomotive force concord- 
ant with Nyt; and 7.+-72; =i, (current through 
the load) (see reference 1). 

From the assumptions underlying this 
type of analysis 


By hee sin wt+ Bor 


; (8) 
Bg=—Bm sin wt+ By 


That is, an alternating component of flux 
density, required by the alternating voltage 
impressed at the amplifier output terminals, 
is superposed on a direct component Bu 
which varies gradually in time during the 
transient considered. 

Substituting equation 7 in equations 5 and 
6, and considering only the direct compo- 
nents, one obtains 
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ot 


i 
dB 
E,=2RLt+2Nv ae =9Rie 


dB g 
Ey =2Rylyt +2N.A—™ =2Rplpo (10) 
and also 
dBo 
O=2R,(Iot Tet) +2N2A 


re 
for the amplifier with parallel connected 
output windings. J;, and J>; are instantane 
ous values of the direct components of cur- 
rents in the signal and bias circuits, while J). 
and Jp, and so forth, are their steady-stati 
values at the end of the transient. (Like 
wise, Jn, and J; are the instantaneous values” 
of direct components of currents in the out- 
put windings. Since no direct component 
of current flows through the a-e source of 
the parallel-connected amplifier, [o;= —Ig, 
and moreover J» = — J; =0 in the final steady- 
state.) A direct component of magneto- — 
motive force is thus defined as 


lA = Nut Nolo: (12) : 


for the series connected amplifier, or 


LAr = Nit Noloit Nolet (13) 


for the parallel connected amplifier. Simul- 
taneous solution of equations 9, 10, and 11 
and use of equations 12 or 13 yields 


ee > ) N dBu 


72 A c 
v A 4 
R, Bot Niulio+t+Noloo —lHn ~ 
(14) | 


the summation being extended to the wind- 
ings considered in equations 9 and 10, and — 
also 11 for the parallel-connected amplifier. — 

The steady-state relationship of equation — 
17, reference 3, between direct components 
of magnetomotive force and of flux density 
extended here to the “slow” transient is 


1H, =1UI (uBm) sinh (uBor) (15) 1 


Under assumption of an alternating com- 
ponent of flux density B» constant through- 
out the transient, and with the further 
introduction of dimensionless flux densities — 
of the general form @=uB, equation 14 
transforms into 


oe ce d@ot 
TF Gu sinh Bow — sinh Boy 


where 7+ is a constant time scale factor, de- 
fined in equation 4, and ®o, ®ow, and Bor 
are the values of the dimensionless d-c 
component of flux density initially, in final 
steady state, and at any generic time ¢ 
during the transient. 

The integration in equation 16 can be 
performed with this result which is a gener- 
alization of equation 12 of reference 1. 


(16) 


t= sech ®oo tanh-! X 
~. Boo 


B® 
tanh — — tanh — 
2 2 


Bot 


Gans 
tanh ®ow — tanh Bow a tanh a 


— sech Goo tanh Gas tanh Se) 
2 2 
“a7 


Finally, the rectified average value of 
output current through the load or its 
corresponding dimensionless quantity Fz, 
defined in equation 1 can be obtained now in 
terms of ®q from the relationship 


4 
Ti ak cosh Boz (18) 


derived it, reference 3 for steady state and 
extended hereby to any instant of the “slow” 
transient. To avoid further need for numeri- 
cal evaluations of equation 17, a number of 
calculations have been performed during the 
development of the work covered in this 
paper. As mentioned in the body of the 
paper, it has been found particularly con- 
venient to limit the calculations to transients 
having infinity as initial value of d-c com- 
ponent of flux density as equation 17 sim- 
plifies then to 


cosh Boo 


Sinh Bow -+e- oa 


t 
—=2sech ®oo tanh! 
pe 


The results of these calculations are pre- 
sented in the dimensionless curves of Figure 
1. The introduction of the concept of an 
initial infinite core magnetization does not 
constitute any limitation to the use of these 
curves for actual transients that actually 
will be initiated only from finite values of 
d-e component of flux density. Since 


Soin f(o®1)dBor = 4. Bot f(Go)dBor— 
S82 f(Gu)dBce 


it is seen that only a translation of the origin 
of the abscissae of the general curves of 
Figure 1 is required to make them suitable 
for describing the variation of Sz; with 
time in transients starting from any assigned 
finite Boo. 


Appendix Il. Transient Analysis 
of Feedback Amplifiers 


_ Magnetic Amplifier with Series- 


Connected Power Windings and 
External Feedback 


The analysis is initiated as in Appendix I 
by writing the differential equations 5 and 
6 of signal and bias circuits and transform- 
ing them into equations 9 and 10. The 
following expression results, however, now 
for the total direct component of magneto- 
motive force 


WH = >) NDy+ Ngly 


where Ny is the number of turns per core 
of the feedback winding and Jy is the direct 
component of feedback current at the in- 
stant considered and the summation is ex- 
tended algebraically to signal and bias with 
signs consistent with the convention estab- 
lished in the body of the paper (that is, 
magnetomotive forces of feedback are in- 
herently positive). 

Simultaneous solution of equations 9 and 
10 and use of equation 20 yields 


ie oD {8 oe dBor 
= 
vRy Boo Ly Ny. Is wo — (lH — Nyy) 


(21) 


(20) 
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On the other hand, using for the slow tran- 
sient the steady-state relation, equation 22 
of reference 3, for negligible commutation 
(that is, >=0) 


2 Ny 

Nylyt=-m—lU cosh uBo, (22) 
x Ne 

while again equation 15 applies. Substitut- 


ing equation 22 into 21 and introducing the 
general dimensionless notations ® =uB and 
also $-=(1//U)Z,N,Iv for’ the magneto- 
motive force of “control” (resultant of 
signal and bias, consistently with the ter- 
minology used in reference 3), equation 21 
transforms into 


Boe 


ng 
t=nr 
8 2 Ny 


00 F. a serreens 
aera 


2 


cosh ®o—7 sinh Boy 
(23) 
where r+ is the same as defined in equation 4 


and therefore nr = (A/Uul)>,N,?/Ry. Equa- 
tion 23 can be integrated and yields 


B 8 
tanh Pac tanh—" 
2 2 


gure =i) 
a Peles ——m— 
4 a Ne aw Ne 
(aon — tanh ay om aah 
B 
tanh Ss) 
2 
(24) 


Again a considerable and certainly needed 
simplification may be introduced if the 
integral is evaluated from assumed initial 
conditions of infinite d-c magnetization. 
Actually for transients leading towards 
algebraically higher values of Bo; an initial 
condition of ®o>=—© must be taken; 
while for transients leading towards alge- 
braically smaller Bo; an initial condition 
@®y=+o must be taken. The first kind of 
transients are decays of output in negative 
feedback operation as well as build-ups of 
output in positive feedback operation; con- 
versely, decays of output in positive feed- 
back operation as well as build-ups of out- 
put in negative feedback operation con- 
stitute the second kind of transients. The 
use of a lower limit of integration= +o 
yields more simply 


(25) 


where the upper signs apply for the first 
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kind of transients while the lower signs 
apply to the second kind. 
For [= ©, 


(26) 


whence the following relation between ¥¢. 
and @®ow is found: 


Foo =n sinh Boe —(2/r)m(Ny/N2) cosh Boo 


(27) 
On the other hand 
Flo =(4/r)m cosh Boo (18) 
and therefore 
Tv FL0 Ny SL 
Feo = (+ Soeearreagy| [ra een a dl (00 
¢ ( mye = ) N, 2 (28) 


The upper or lower sign (+) applies here 
depending on whether the final steady-state 
operation is in the region of positive or 
negative feedback condition. (In particu- 
lar minimum steady-state output—which 
is the point of transition between positive 
and negative feedback operation—is ob- 
tained for 


—-m 

a No 
as should be expected.) Using equations 
28 and 27 in equation 25, it is finally pos- 
sible to express by calculations in tabular 
form the wanted Sz; as a function of ¢ in 
terms of Fz® and ®m (which defines the 
values of m and ). The curves presented 
in Figure 4 have been evaluated in such a 
manner. Again, for practical situations in 
which the transient actually begins froim 
initial conditions of finite d-c magnetiza-~ 
tion, a simple translation of the time scale 
origin to the right is needed, so as to coin- 
cide with the abscissa for which, on the 
proper Fz curve the output coincides with 
the initial known value §z5. 

The case of the magnetic amplifier with 
external feedback and parallel-connected 
power windings could be treated in a quite 
similar way. This type of connection, how- 
ever, has limited practical interest when 
speed of response is important. 


Magnetic Amplifier with Self-Feedback. 


For this amplifier, represented in Figure 
1(D) of reference 3, again equations 20 and 
21 apply, and equations 23 and 24 are ob- 
tained, with ¢ given by equation 4 (with the 
summation extended to signal and bias cir- 
cuits only). As the feedback winding on 
each core actually coincides with the power 
winding, here Ny= No. 


Appendix Ill 


It has been pointed out in the body of 
the paper that the d-c component of flux 
density Bo, varying during the transient, 
induces noncancelling voltages not only in 
signal and bias windings but also in feed- 
back windings. Hence, induced currents 
may flow in such windings and through paths 
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variously offered in the various types of 
feedback circuits considered. It has been 
stated also that delaying effects due to in- 
duced currents of this kind can be ignored 
for transients occurring over ranges of 
operation of negligible commutation. A 
justification of this statement is given in the 
following. 

Considering first the case of a self-feed- 
back amplifier, it is seen that currents in- 
duced by the time varying Bo; in absence of 
commutation can flow through generator, 
load, and through the V;= N2 turns on one 
core only (core a or f), at the time, depend- 
ing on which one of the two feedback recti- 
fiers is conducting at the instant considered, 
Thus, for instance, in the extreme limiting 
ease of negligible resistance for the path of 
this current, the d-c component of flux den- 
sity in one core will be prevented from vary- 
ing during the half-cycle in which the corre- 
sponding rectifier is conducting. At the 
same time, however, the d-c component of 
flux density in the other core will be forced 
by the impressed signal voltage to vary 
twice as fast, as seen in equation 5. In the 


subsequent half-cycle, the two cores inter- 
change their behavior and so, in a “slow” 
transient, the net results of such induced 
feedback currents are cancelled. 

A similar situation takes place also in the 
amplifier with external feedback. Here the 
induced current flows in both feedback 
windings in series at all times, but reverses 
periodically in its further path through the 
load, generator, and power windings, due 
to the alternate switching action of the two 
pairs of feedback rectifiers. Thus, again 
alternatively in subsequent half-cycles, the 
d-c component of flux density in one core 
will be delayed and speeded up in its varia- 
tion with net over-all results which coincide 
practically with those of the simplified 
analysis given, A more accurate study of 
these phenomena can be given, of course, 
considering separately the d-c components 
of flux density in the two cores Bag: and 
Bey and rewriting more properly equations 
9 and 10 in the forms 


d 
FE, =2R,-Tit+ MA u Beout+ Beor) 


Discussion 


Ulrik Krabbe (Thomas B. Thrige, Odense, 
Denmark): It is interesting to see the ac- 
curacy it is possible to obtain with the 
described method of calculation. However, 
in many cases it is more important to get a 
simple calculation, and I should like to point 
out the very simple relation between steady- 
state curves and time constants for self- 
saturated magnetic amplifiers.| For a 
self-saturated magnetic amplifier with the 
same number of turns in the signal winding 
and the output winding, we have the simple 
relation that the time constant is equal to 
the voltage-gain divided by two times the 
supply voltage frequency. 

By means of this formula it is possible to 
determine the time constant for each work- 
ing point by drawing a tangent to the curve 
which indicates signal d-c voltage to output 
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voltage. If the internal voltage drop is 
large we need to take this into consideration. 

Transient in the output winding may in- 
crease the value of the time constant, and 
this influence depends on the connection 
used, 

By means of the formula mentioned it is 
easy to calculate transients for magnetic 
amplifiers without feedback, if we regard 
the self-saturated one as the fundamental 
and regard the coupling without self-satura- 
tion as a magnetic amplifier with negative 
feed-back, 
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d 
Ey =2Ro-Ioi + NoA dant t Bow) 


In agreement with the preceding sumim 
reasoning, it is found then that the resul 
of such a more laborious analysis actually 
coincide with those of the simplified analysis 
given over any integral number of cycles. 


ve 
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mulas expressing “‘time constants’? which are 
derived on the basis of a linearized relation- 
ship between mean flux and control current. 
Indeed, concepts of this kind may be ac- 
cepted as a matter of expediency, but their 
limitations should be clearly specified and 
understood. 1 

The analysis presented in the paper has a 
somewhat broader aim as it tries to predict 
the transient response over wide ranges of 
swing of the direct component of average 
flux density, rising, falling, or also reversing. 
As it should be expected, the response curves 
are by no means simple time exponen-— 
tials. 

Of course, practical needs for ‘‘time con- 
stants’? concepts may be fulfilled to some 
extent by approximating portions of the 
curves presented with exponentials of sort. 
The limits of accuracy obtainable hereby are’ 
clearly seen. { 


sd 


Transient Analysis of Rotating Machines 
and Stationary Networks by Means of 


Rotating Reference Frames 


Y. H. KU 


FELLOW AIEE 


Synopsis: This paper analyzes the be- 
havior of a-c rotating machines connected to 
stationary networks or transmission lines 
and other rotating machines under syn- 
chronous or asynchronous operation. Ro- 
tating reference frames are introduced. 
The forward and backward components are 
correlated to the direct-axis and quadrature- 
axis components in a simple manner. Part 
I deals with the interconnection of a rotat- 
ing machine and a terminal network or a 
transmission line with lumped or distributed 
constants. Part II deals with the inter- 
connection of rotating machines. A general 
network of m machines is analyzed. Part 
III considers a general machine with 
stator phases and m2 rotor phases under 
synchronous or asynchronous operation. 
Concatenation of induction machines and 
selsyns are studied by means of rotating 
reference frames. 


N a paper presented before the AIEE 

Summer Convention, June 1932, the 
author extended his early analysis of a-c 
machinery! to include the effect of ex- 
ternal impedances on salient-pole syn- 
chronous machines.? In the case of 
external capacitance, self excitation or 
negative damping was found to exist. It 
is gratifying to note that in two important 
papers on series capacitance and nega- 
tive damping by Butler and Concordia,* 
and Carter,4 mention was made to this 
teference. Extension of Park’s Two- 
Reaction Theory**® was made by Crary’ to 


include capacitance load and by Con- 


cordia® to include any balanced terminal 
impedance. The correlation of the 2- 
reaction method and the method of sym- 


- metrical vector components was at- 


tempted by the author since 1930, 
and the extension of the 2-reaction theory 
to multiphase machines was published 
1951, VoLuME 70 


~~. 


in his 1987 AIEE paper." A companion 
paper’? analyzed the same problem with 
symmetrical vector components which 
are identical to the forward and backward 
components. > 

After his important treatise on the 


tensor analysis of rotating electric ma- ~ 


chinery,!* Kron started a series of further 
studies in setting up the basic equations 
of stationary networks viewed from uni- 
formly rotating reference frames! and in 
classifying the reference frames from a 
dynamic and geometric point of view.'® 
Under this new light, we can see that the 
d, g system of the 2-reaction method and 
the f, b system of the symmetrical vector 
method belong to the same rotating refer- 
ence frame. In general, other rotating 
reference frames can be considered. 


I. Synchronous Machine with 
Stationary Networks and 
Transmission Lines with Lumped 
or Distributed Constants 


In equations 20 and 21 of reference 1, 
the author introduced symmetrical vector 
components of instantaneous values and 
rotating reference frames to the solution 
of synchronous machines and reduced the 
problem to equivalent coupled circuits 
with stationary windings. As pointed out 
by Professor Gardner, the principle of 
superposition was used in the solution of a 
system which contains a parameter which 
is not a constant. The use of rotating 
frames was facilitated by Heaviside’s 
“operand shift’ principle. As Laplace 
Transforms are developed and tensor 
analysis of rotating machines has been 
well demonstrated, these transformations 
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from the positive and negative sequence 
components to the forward and backward 
components are justified. Notice that the 
instantaneous symmetrical vector com- 
ponents used in equations 20 and 21 are 
identical to i; and i mentioned in 
reference 5. 

The fundamental equations for a 
salient-pole machine with external im- 
pedances, amortisseur windings, and 
excitations in both direct and quadrature 
axes were given in references 2, 9, 10, and 
12. Referring the positive and negative 
sequence vector components of the stator 
phase current (Appendix I) to a set of 
rotating refefence axes, we have 


ZY (ptin)tst+(Ptjn Li" +(pt+jn yy =v 
(1) 
Z19(p—jn) tot(P—jn)Li"t¢+ 
(p—jn)Ip =v (2) 


where 
Zy°(p jn) =(Rit Rr) +(L+L1)(pjn+ 
1 
Ci(p+jn) 


R,=resistance of stator, per phase 

Ri=resistance of external network, per 
phase 

L,°=constant part of stator synchronous in- 
ductance, per phase 

L,”=maximum value of second harmonic 
variation of stator synchronous in- 
ductance, per phase 

L,=inductance of external network, per 
phase 

C,=capacitance of external network, per 
phase 

1f= ay e—snt y= i_ ent 

ve=v4 EI", vy = 0 
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i, i- =instantaneous values of positive and 
negative sequence vector components 
of stator phase currents 

v4, v- =instantaneous values of positive and 
negative sequence vector components 
of stator phase potentials. For 


V6 . 
Va= Vm sin nt, we get v4, =—™ ei”, 
2j 
v- = Vm int 
2j 


1 ‘ 1 . 
T= 5 Lat ila), Tp= 5 (la—Jla) 


Iq= cae Ig= 2M ger 

Ma=maximum value of the mutual in- 
ductance between one phase of the 
stator and one direct axis rotor wind- 
ing 

M,=maximum value of the mutual in- 
ductance between one phase of the 
stator and one quadrature axis rotor 
winding 

Zar = current in one direct axis rotor winding 

igr =current in one quadrature axis rotor 
winding 

n=relative angular velocity between stator 
and rotor windings. For synchronous 
speed, n=, and the per unit value 
is 1. For asynchronous speed, 
n=1-—s, where s denotes slip 

p=d/dt, the time differential operator. For 
per unit values, p=d/d0, where 0 = nt, 
and =1 for synchronous speed 


In accordance with the conditions men- 
tioned in references 16 and 17 and dis- 
cussed in connection with reference 11, 
we have assumed certain ideal conditions 
for the rotating machine. The essential 
simplified conditions are 


L,=L;9+L," cos 26, M,= 
M2z= Mg sin 6 


Ma cos 6, and 


We shall now extend the above results 
to the general terminal impedance u(p)/ 
y(p) of reference 8. Then, by referring 
the stationary network to a uniformly 
rotating reference frame, we have 


u(pjn) 


=Rit(p+jn)L+ 
i+ (p+jn) Li tia) 


Zi (p +jn)° (3) 
The traiisformation from a stationary 
frame to a rotating frame can be demon- 
strated by tensor analysis or matrix 
analysis. (See Appendix I). By using 
rotating vectors, the transformations are 
rather simple. Laplace Transforms have 
shown that!® 


Le Mft)= Fp+a) 
Le tf(t) = Fp—a) 


where p (or s) is a complex variable In 
the p-multiplied form,’ a shift theorem 
similar to that given in Heaviside’s 
operational calculus also can be demon- 
strated.*-8 The shifting idea is the 
basic viewpoint of relativity, and rotating 
reference frames will certainly be impor- 
tant tools in the study of rotating me- 
chanical and electrical systems. 
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The equation for the zero-sequence of 
stator phase current and voltage is, 
using the general terminal impedance of 
reference 8, 


Eeeloe (4) 
yb) 


where Zj=zero-sequence impedance= 
R,+ pLo, to =zero-sequence stator current, 
and v)=zero-sequence stator potential. 

The equations for the rotor currents in 
the direct and quadrature axes are of the 
following form: 


Zartar+ =pMar(m)iar(my+ 
pMa'(istip) =Ear or 0 (5) 


Zoriggt 2b Marceytarcey + 
pMq'(ts—t) =Egr or 0 (6) 


where Zag, and Z,, represent the self- 
impedances of the rotor circuits, Ma, 
and M,, represent the mutual inductances 
between the rotor circuits of each axis, 
M4’ =(3/2)Maq, and M,’=(3/2j)M,. 

By solving m equations for the direct 
axis windings simultaneously, we get* 


Var (m) = — PAm(P)( ty + to) + Bm( p) Ear (m) 


where B,,(p) depends on Za, and Mg,, 
and A,,(p) depends on Mg’, Za, and Ma,. 
By solving k equations for the quadra- 
ture axis windings, we get a similar ex- 
pression for 7,,(,). Then we have 


La == Matar = — Ma )(ts+%)+ Gal p) Ear 
(7) 


iIq == Mgigr aaa Mg b)(ts—t») + 
IG p)Eqr (8) 


Substituting equations 3, 7, and 8 into 
equations 1 and 2, we get 


xe : 
Ry Ly 
| +(p-+jn) Lip) +-———- Wo-bjn) a+ 


[(p-+jn)Li"(p) lin =0g— setin x 
[Gal p) Ear +jGq(p) Eqr | =e (9) 


[ R+(o-mts Orem real mt 


((P—jn)L"(p)ip=00—(6— Jn) X 


[Ga(p) Ear —JGq(p)Egr] = ep (10) 


where 11° p)=L,° 


1 at 
—5Ma(b)—5Ma(P) (11) 


1s" (p)= Ls") Mal p)+5Mal) (12) 


* For the case of one amortisseur winding in addi- 
tion to the field winding in the direct rotor axis, 
we have 


(Ma(Q)'Zar(2)— Ma(:)'pMar),. , . 

[Zar@) Zar) —P*MPar] Et 
Zdr(2) Edr(s) 

(Zar) Zadr(2) — p2M dr?) 


where idr(;) and Ea7(,) represent the field current 
and voltage, 


tdr(:) =—p 
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ae 
Ib 
In terms of direct axis and quadrat ure 
axis quantities, we have - 
Lab) =L(p)+Li"(p)=La—Ma(p) (13) 
Lop) =Li(p)—Li"(b) =La— Map) (14 


where Lg=L)+L," and L,=L°—1,". 


TRANSIENT SOLUTION 


For suddenly applied voltages or short 
circuits on the armature side, we shall 
consider that all the field windings ar 
short circuited, or Eg, and E,, equal to 
zero. Solving equations 9 and 10 simul- 
taneously, we get 


[Rit (p—jn)L\(p)+B loy— 


“ [(ptin)Li"(p) loo a 

y= Do) (15 : 
[Rit (pt+jn)Li(p)+A Joy — 

By (em L"O)er G6) 

‘ D(p) 

where 


D(p) =D p)+(A+B) [Rit pLi(p) I+ 
(B—A)[jnLi(p)]+4B (17) 


Dip) =Zis"(p)Zi—-()— (62+) Lip) 


Zab) =Rit (prin) Li(p) 
_ u(p+jn) 
| p+jn) 
From equations 9 and 10, we can write 
down the impedance tensor or matrix of a 
synchronous machine with a general 
terminal network as follows: 


ty dy 
_ Uf Zi+%(p)+A | Xi "(d) a 
7\~ | x") | moos | 8m 


where X14,"(p) =(p+jn)L1" (0). 

It may be pointed out here that for 
most cases, the terminal network as re- 
ferred to a rotating reference frame can be 
expressed as 


_u(pjn) 


* pin) (9m 


= Ree 


Let 


u(p+jn) = 4j Ud, y(p+jn) = Vise] Yo, 
U2 = U;?+ U2, and Y2= Yy2+ Vo? 


Then 

Re=Ki/Y?, Xe=K:/Y, jd 
Ze? =Re?+Xe? = U?/ Y® 

where t 


Ki = Ui Vi+ U2 V2, K2= U2 ¥i— U; Yo, and 
Ki+Ki=U? 


For a transmission line with distributed _ 


constants, it can be shown (see Appendix 
II) that A, B are of the following form _ 


_uUp+jn) Z, sinh 0, 
y(p+jn) 04 cosh 0, 


é 


(194) 
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where Z represents the total line imped- 
ance to the point of fault or the short- 
circuited end, and 0= VZY. In this 
case, it is evident that the more general 
form A, B should be used instead of 
yx, | 

If A, B can be expressed as given by 
Equation 19, equations 15 and 16 can be 
modified to the following: 


ae ¥?{[Z:(p)+Re—jXe Jus— [X14"(p) loo} 


A(p) 

(15A) 
=) V2{ [214% p) + RetjXe loo — (Xi_"(p) lor} 
A(p) 

(16A) 


where 


A(p) = Y°D(p)+ Ki [2Ri+2pL1(p) ]+ 


Ks [2nL,(p)|]+ U? (17A) 


For asynchronous operation, #4” 
m=1—s. Substituting (l—s) for m in 
equations 15, 16, and 17, we get in general 


{Rit [p-j(1 —s) ]Li%(p) +B } oy 

{ [Pp +3(1—s)]Li"(p)} v9 
D(p) 

{Rit [P+501—s)]L:(p)+A |» — 
{ [p—j(1—s)lLi"(p) } vr 

D(p) 

 D(p) =D p)+(A+B)[Rit+pL.(p)]+ 

(B—A)[j(1—s)L,(p)]+AB 


We shall consider a simple example 
_ where the terminal network has a capaci- 
tive reactance x, and a resistance 7% in 
parallel. In this case, u(p)=x,, a con- 
stant per-unit value, and y(p)=(p+a), 
Where a@=x,/7;. Then U,=x,, U2=0, 
Y,;=(p+a), and Y,=n. (For n=-, 
a=0, Y%i=p.) So Y2=(p+a)?+(1—s)?, 
K,=x,(p+a), K2= —x,(1—s). Substitut- 
ing these values into equations 15A and 
16A, we can check the results of refer- 
ences 2, 7, and 8. 


| t= 
(15B) 


db => 
(16B) 


(17B) 


Two-REACTION COMPONENTS 

The basic tranSformations between 7s, 
4 and ig, tz are 0-1 
t+ ly =14, if—ty =fig (20) 
DUES a _ ae ; 
gi" +fiq) = is, a (ta Jig) =t» 


where 


 4=i,e ™ and iy =i_e™, 


Taking the sum and the difference of 
' equations 15 and 16, we get 


jg a WAR) + pla) vat [Xet+nla(b) lee 


D() 
(21) 
gx CRARt bLalf) lee [Xe-t Lal p) 0 
aa D(p) 
fA. (22) 
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where R, and X, will be redefined in a 
general form as 


(1 a aie ie eae (23) 


and 


D(b) =D p)+2ReRit+(Rep+Xen) X 


[La(p)+Lq(p)]+Z.? (17C) 


where 
Dib) =Za(b)Zq(p)+xal px) 


Za(p)=Ritplalb), Z¢(p)=RitpLl,(p), 
xa(p)=nLa(p), xXq(p)=nL(p) 


The impedance tensor or matrix in the 
d, q system for a synchronous machine 
with general terminal network will be 


ta tq 
z=" Zalp)+Re ie DX Oo 
Ugh _xa(p)+Xe | Z(p)+Re 


Equation 24 can be obtained from equa- 
tion 18 by the tensor or matrix trans- 
formation :* 


Z’ =C,*ZC (25) 
where 
d q 
; , 
pe heel 
Cee) Sia cw 
(20A) 


Comparing equations 20 and 20A, a fac- 
tor of 1/2 has been left out in the matrix 
form. We may follow Kron in adding a 
factor 1/v/2 to C. 

Referring to equations 9 and 10 and 
substituting (1—s) for 1, we get 


im (Zo(p)+Re Jea+ (1 —s)Lq(p)+Xe lee 


Dp) 
(26) 
= [Za(p)+Re leg = 1 —s)La(p)+Xe lea 
i D(p) 
(27) 


For a simple capacitance connected 
to a synchronous machine, we have 
R,=%eb/ V?, X,=—xn/V?, Y?=p*+n’?, 
Z,2=x,2/Y?. Substituting these values 
into equations 26 and 27, we get Crary’s’ 
equations 18 and 19: 


[V°Zq(p)+xch leat [V1 —s)xq(b) — 


’ (1—s)x¢ Jeg 
Se A(p) 
(28) 
[Y?Za(p)t+xch leg — [Y*(1—s)xa(b) — 
i (1—s)xc leg 
Sod A(p) 
(29) 


* The author is indebted to Mr. Kron for this 
transformation. The transformation C-1ZC was 


used originally. 
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where 


A(p)= VY? |Zal(p)Ze(p)+ 
(1—s)*xa(p)xq(b) ]+-xc | P[Za(p) + 
Zq(b)|—(1—s)* [xa(p) +0 p) ]+xc} 

(30) 

Y2=p?+(1—s)?, xa(p)=La(p), 

Xq(p) =Le(p) 


If a shunt resistance 7, is connected 
with the capacitive reactance x, in paral- 
lel, we get the following equations which 
check with the results of Concordia 8 


_ _ [Y9Z9(p)+xe(b+e) leat 
tai [V2nacg( p) — nae leg 


A(p) 


(31) 
ae [Y°Za(p)+xe(p+a) Jeg — 
= 


[Y°nxa(p)—nx¢ lea 


A(p) 


(32) 


where 


@=x-/r1, n=1—s, and 
A(p) = [(p+a)?+n?] | Za(b)Ze(b) + 
n*xa(p)xq(p)} +-xe{(p+a)X 
[Za(p)+Ze(p)|— 2? [xalp) +x Pp) 1+ 
Xe} (33) 
TRANSIENT POWER AND TORQUE 


Let equations 1 and 2 be rewritten as 
ug = Ryig+Aty+ ply tin) (34) 
Up = Riin + Bin + pho —jVr(n) (35) 
where 


p= Li ig t+ Ly" +ly 

Yo =L)y+Li"t7+Ip 

If there is no terminal network, or, if R, 
and X, are included in R, and L,°, the 
above expressions simplify to the follow- 
ing: 


vp = Riis t+ pbs tivs(n) 
Up = Rity +pho —jVr( n) 


It is shown in Appendix III that the total 
instantaneous transient power divided by 
the number of phases is given by 


(34A) 
(35A) 


P=1_v,41,0_=ipyet+iyry (36) 
or 
P =(1/2)(iavatigug) (37) 


For a 3-phase machine, we have the total 
transient power given by 


Je =3(1_v,+7,0_) =3(ipvy+iyrp) 
=(3/2)(tava + ta%) 


This checks with equation 17 of refer- 
ence 5, as Park used a factor of (2/3) for 
the per-unit instantaneous power. 

The instantaneous transient torque is 
given in Appendix III as follows: 


T = inj by — Lig) +i —I) (vo — Li) 


=Byr+1,By (38) 
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where 
By=j(by—Lirig) =JLp tli") =r 
By = —j(Yo — Lin) = —J Uo + Li"is) = — Jor 


So far as the net result is concerned, the 
total instantaneous value of transient 
torque divided by the number of phases 
can be given as 


T =1n( jos) + iy —J¥0) 
= (1/2)(tqva — tae) 


From equations 9 and 10, we can rewrite 
equations 34A and 35A as follows: 


eg = Riigt+(ptin)yy’ 
yp = Rito + (p—jn)yo’ 


(39) 


(34B) 
(35B) 
where 


vy =Li(p)igt Lib) 
Yo’ =Li(p)in+Li"(p)is 


By taking the sum and the difference of 
equations 34 and 35, and using the general 
transformation of equation 20, we get 


vq = Ryiat Reta —t Xeigt+ pla —q( pe) 
Ug= Riigt Retg+ X eta +pbq +wWal( pe) 


(40) 
(41) 
where 


va=vet vo =Lat Lata 
Ita =Vr—o =jUgtLeqig) 


Without terminal network, equations 40 
and 41 simplify to 


va = Ritat+ pla— ¥q( p20) 
Ug = Ritg+ plat+wal Pe) 


(40A) 
(41A) 


CLASSIFICATION OF REFERENCE FRAMES 


With the foregoing results, we shall 
follow Kron" in a brief discussion of the 
reference frames which he classified from 
the dynamic point of view. 

Rewriting equations 40A and 41A in 
tensor form (see equation 7 of reference 
15), there is 


v= Ri+ pi+ipe 


Similarly, the torque expression is given 
by 


T=i* yw 


(42) 


(43) 


In equations 42 and 43, y is not a tensor. 
‘It is called the ‘coefficient of rotation’ 
containing +1, 
When equations 34A and 35A are 
written in tensor form (see equation 9 of 
reference 15), there is 


v=Ri+ pet yin (44) 
where 
'p b 
x tj 
aa 3 (45) 
is a “rotation tensor.”’ As Kron well 
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said: “Since w is always a tensor and y 
became now a tensor (because of the 
redefinition) their product yy must also 
necessarily be a tensor, a new physical 
entity, the so-called “flux-density” B of 
the armature. This is the same physical 
concept B that occurs in Maxwell’s field- 
equations.” The torque expression can 
now be given as “‘a generalization of the 
force equation of Maxwell, namely, of 
i=? eeboe Gals, 


T=i*B=i*y (46) 


STARTING TORQUE 


For the study of starting torque, vy and 
v, are of the form e’ and e€ *. Accord- 
ing to the Principle of Superposition, we 
can consider the effect of the two com- 
ponents separately, and then add the two 
solutions together. We shall consider v, 
first. For p=js, n=1—s, we have, from 
equations 34A and 35A, 


vp—Rytr vs—Rity 


5 : 47) 
prjn Jj 

— Rwy — Rip 
ip eo 
or 
is =ry— Riiy (47A) 
—j¥o =(— Ri») /(1—2s) (48A) 
So 
T= to js) +i( —jyo) 

; fs 1 

=ipvs— Riiniy (: + " +) (49) 


where 7, and 7 are given by equations 
15B and 16B, for p=7s. 
Similarly, we consider v, next, where 


=—js,n=1-—s. 
Up — Rye’ Up — Ryty’ 
yy’ = a = 47B 
p—jn =] ( ) 
— Riu,’ — Riis’ 
yy = ar 
1 ptjin  j(1—2s) 2) 
So 
T2 = iy'( —jo')+i0'(jvy’) 
‘ 1 
=iz'vy — Ryiz'ip'| 1 
1 Uy — Katy if +4) (49A) 


As vy and v, are conjugate, i,’ is conjugate 
to %, and 7,’ is conjugate to iy. Hence 
T; and T, are conjugate. The total 
torque will be 


If =2( T; Fear 


1-—2s 


) (ipitz)real ( 50) 
where 


P= 2(tpvy)real = 2( w ;. vy), 
2(ipis)reat =2(tp : oD) 
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Ch ae 
As discussed in Appendix III, equation 5 
gives the total torque as divided by th 
number of armature phases. 
SYNCHRONIZING AND DAMPING TORQ BS 


For hunting problems, equation 
may be applied to the case of small incre 
ments as follows: : 


T=Tot AT =(ino+ Ain Wp tjavy+ 
(igo+ Aiy)( —j¥oo—j Avo) (51. 


Neglecting second-order terms, there is _ 


AT = inj Av)-+in( —j V0) + ; 
(jv) Ain — (Goo) Air (52) 


From equations 34 and 35, we have 


Avy—(Ri+A) Aty 


A — 
us pin 


Aes Avp at (Ri +B) Aty 


Ay 5 (53) 

: p—jn | 
Assuming Avy and Av, are of the form 
and e ’, we shall consider the effect of 
Ao, first, and get a similar solution for 


Avy. So 


Seed 
T, =1 Tae) a 
8 of (p+in)/j i 


; [aaa | 

“LU (p=in)/(-3) 
TWyAty—joodty (54) 

where p=js,and Av, =0. From equations 

15 and 16, we get 


us [Rit+(p—jn)Li(p)+B lAvy 


Ais 


D(p) : 
Kite a (p) |Avy (55) 


Substituting equation 55 into equation 
54, we get a general expression 


AT, =f(p)Ary (p=is) (56) 
If we assume 
AT, = [Ts+Ta(js) Avy (57) 


then T,;=real part of f(js) and sTg= 
imaginary part of f(js), where 7; repre- 
sents the synchronizing torque coefficient 
and Tg represents the damping torque 
coefficient. (See references 5, 6, 7, 26 
and 27.) 

If Avy is considered as suddenly ap- 
plied, transient solutions can be obtained 
by considering p as the time differential 
operator, which has the steady-state 
value js. Moment of inertia also can be 
introduced in the solution. Considering 
the effect of Av, similarly, we have 


_ [Am — (Ri + Bat! 
Ane) 
: inf (p—in)/(—f) 
4 5 =the sale | 
Sarre) j 
ip" Mi' —jWeo'Aiy!’ (58) 
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Figure 1.  Equiva- 
lent single-line dia- 5 
gram Nii 


\\ 


where p= —js, and Av;=0. The current 
expressions are: 


res [Rit(p+jn)Li(p)+A JAvy 


x D(p) ; 

Aiy! = [= =e "(p)]Avy ngs 
Hence 
AT2=f*(p)AVy (p=—js) ea) 


Equation 60 is conjugate to equation 56, 
as f*(p) is conjugate to f(p), and Avy is 
conjugate to Av). Notice that the steady- 
state value of p in f*(p) is —js. 


II. Interconnection of Rotating 
Machines—Extension to a 
General Network of N Machines 


It is shown in Appendix IV how ma- 
chines and networks are interconnected. 
Let the component systems be denoted by 
Z,, Z2,...Z, etc., where Z;, Z2,...repre- 
sent the impedance matrices of the 
machines, and Z, represents any terminal 
impedance. The original impedance ma- 
trix Z will be given as 


(61) 


Let C represent the matrix showing how 
the systems are connected, or i=Ci’, 
where ¢ represents the old currents in the 
component systems and i’ represents the 
new currents in the resultant system. If 
C contains no time functions of = nt, the 
impedance matrix of the resultant system 
after interconnection will be 


Z'=C,ZC (62) 
Two MACHINES IN SERIES 
From equation 18 the impedance 


matrix of a synchronous machine can be 
' obtained. In general, 


ag tiv 


ny 214° | Xi” 

4= |__| 

Yop Xi—” | 21° 
dag dap ip i 


Met Za," | Xs," [4 
f= OZ, = 


* 
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Referring to Figure 1, if Z, is infinitely 
large, we have two machines connected in 
series. 

The transformation matrix between 
the old currents and the new currents 


y 
Oh” hoon doy Bree 4b) +22 +°(p-498) 
= — PP ae 
Dp! — tpl Kies ae Xo" uss) 0 


Ad 


Notice that the minus signs in C and C; 
are due to the assumption of the direction 
of old currents in machine 2 (see Figure 1). 

From equations 61, 62 and 63 we get 
the impedance matrix for two synchro- 
nous machines in series: (Appendix IV) 


Om} 


if! lb 
_ Vf Yas Zi tZr4° | tee ote 


Zz ee 
Vo —Vopf X1—" + X2-"| Z19+Z._° 


(64) 


Two Macuines Nort IN SYNCHRONISM 


We shall examine briefly the case of 
two machines not in synchronism. Let 
nm, and nm» represent the angular velocities 
of the two machines, and let m—m.=s. 
If the impedance matrix of the first 
machine refers to a reference frame rotat- 
ing at speed m, and that of the 2nd 
machine refers to a reference frame 
rotating at speed mm, the two matrices 
cannot be readily combined. In other 
words, the transformation matrices given 
in equation 63 must be duly modified. 
An alternative way is to investigate first 
what will be the impedance matrix of 
machine number 2, if it is referred to a 
reference frame rotating at speed m in- 
stead of m. So with m as the common 
speed for the rotating reference frames, 
Z, is the same as given before, and 
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, “¢ " 72 
| X14" tXae"wsseye 7 


jest 


2s Xs +" (44s) © 


(63A) 


The final result is hence given by Z/= 
C,*ZC, or 


iy 


7 64A 
21-9) + Zo (pI) ( ) 


where 0=st. Notice that we can get the 
saine result by adding Z, and Z,’. For 
6=6)=constant, representing the angular 
displacement between the rotors, equation 
64A also is useful, for s=0, 


INTERCONNECTION OF SYNCHRONOUS AND 
InpucTION MACHINES 
The impedance tensor or matrix of an 
induction machine referring to synchro- 
nous rotating frame will be given in Part 
III.%: Jf we extend example I in 
Appendix IV, we get 


iy lp 
Us| Z\ A vas nie Xp" 
Ub Zi +Z5— 


Yh! (65) 


Two MACHINES IN PARALLEL 


Referring to Figure 1 and the results of 
Example III in Appendix IV, we shall 
introduce matrix forms for the Maxwell 
mesh equations as follows: 


v,° =(Z, + Z,)ii°+ Zeit” (66) 
v," =(2,+ Z,)i°+Zet” (67) 
where 
i? aa Sit i,” = 
Lib 
v,° = za al & v,? -| — (68) 
Vib 


In terms of compound tensors or matrices, 
we have then 


i, in? 


ge” Zi+Z,. im Ze 
~ yo v4 Z4+Z. 


Expanding equation 69 into its elemen- 
tary form, we get 


(69) 
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(70) 


Notice that the above results can be ob- 
tained from equations 66 and 67 by sub- 
stituting in the matrices and making the 
multiplications. 

By using transformations from the f, } 
system to the d, gsystem for the 2-machine 
network, we get 


tid 11q tad 


“dl Zia) +Re | — x1) +Xel 


Ziq(p) + Re 


Zz)! Vig Xid(py +Xe 
a= 


4 


Equation 71 may be considered as an- 
other expression of the compound tensor 
or matrix given by equation 69. In fact, 
equations 66 and 67 hold for both the 
f, b and the d, q systems. 


THE 3-MACHINE PROBLEM 


Referring to Figure 2, we can write 
down two matrix equations for the two 
independent meshes similar to equations 
66 and 67. Instead of Z,, we have 
Z3+Z,. 


v9 — 039 = (Zi + Z3+Ze)t)9+(Z,+Z, tr” 
v,°— v;°= (Ze +Z34+LZe)i29+(Z3+Ze)in 


(72) 
(73) 


The above equations are derived from 
Kirchhoff’s second law as extended to 
matrix form. From Kirchhoff’s first law, 
we have 


t)°+%+%;°=0 (74) 


In fact, equation 74 has been used in 
writing down equations 72 and 73 ac- 
cording to the mesh method of Maxwell. 

The impedance tensor or matrix of the 
resultant system is hence 


i? i, 


ZitZi+Ze_ Z:+Z, 


vo—ve| ZZ, | Ze Zip Zo 
(75) 
ie) 
Vv, 
fo} 
Vo 
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Zraipy F Re 
Xe (py + Xe 


Equation 75 holds for both the 
f, b system and the d, g system, as both 
sets belong to the same rotating frame, 
here designated as the “‘o”’ frame. Ac- 
cording to Kron’s classification (reference 
15), d, q belong to ‘non-holonomic, 


~ (71) 
= [ea +X 


Z14(p) + Re 


Riemannian Frame II (a)’’, and f, b be- 
long to “holonomic, non-Riemannian 
Frame II(b).”’ So, in addition to equa- 


tha liq Lod 
Lat Re | — [xigt Xe] 


MatXe Ziqt+Re 


—X¢ 


vo =|— (76) 


(77) 


The impedance tensor or matrix of a 
synchronous machine is already given by 
equations 18 and 24 for the f, b and d, q 
systems respectively. The external im- 
pedance network for the f, b system is 
defined below equation 62, while that for 
the d, q system is here given by equation 
77. ‘In general, for 2;—12.=5, m,—n3g=5', 
0=st and 6/=s't, 


Figure 2. Three 


parallel 
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Zod +Re 


Re xoat+Xe Laat Re 


machines in series- 


For synchronous operation, 9=09=6; 02, 
and 0 => Oo! = 0; — 63. 


ve 


Turee MACHINES IN PARALLEL 

Referring to Figure 3, we have three 
independent meshes according to Max- 
well’s method as extended to matrix 


form. From our previous experiences in 


getting equations 69 and 75, we can write 
down the impedance tensor or matrix of 
the resultant system as follows: 


As an illustration, we shall expand equa- 
tion 78 into its elementary form in the 
d, q system: 


tag td qq 


= [eat Xe] J 


Zsa Ie Re d 
Xsat+Xe 


—X, 


7s [xag +X, e ] 
Zaq+Re 
(79) 


For steady-state operation, equation 79 
checks with the determinant obtained 
from the eight simultaneous equations 
given in Butler and Concordia’s paper, 
Appendix B (reference 8). 

The corresponding expression in the 
f, b system can be similarly obtained. In 
any case, the tensor or matrix method out- 
lined in Appendix IV can be followed to 
check the final results. It is believed 
that after working with many illustra- 
tions the simplified procedure may be 
found to be advantageous, especially as 
solutions in both the f, b system and the 
d, q system can be readily obtained. 


GENERAL NETWwoRK with N MACHINES 


Let the general network be represented 
by Figure 4, and let there be » independ- 
ent meshes. Then we have 


where @°, %,...%,° represent mesh cur 
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Figure 3. Three machines in parallel 


| rents, vi", vo°,...u,° represent algebraic 
sum of potentials around the mesh, Zx: 
represents the total impedance of the 
kth mesh, and Z,; represents the com- 
ponent of the impedance in the kth mesh 
encountered by the jth mesh current. 

It is believed that the node method of 
network analysis also can be extended to 
matrix form in dealing with rotating 
machines and stationary networks. A 
résumé of Maxwell’s rules and Kirch- 
hoff’s rules has been prepared by the au- 
thor recently to facilitate such solutions 
by the node method and the mesh method. 


Ill. General Machine with N, Stator 
Phases and N, Rotor Phases for 
Synchronous and Asynchronous 
Operation—Concatenation of 
Induction Motors and Selsyns 


In references 11 and 12, the author pre- 
sented an analysis of multiphase machines 
for the d, g system and the f, b system re- 
spectively. In reference 29, the 2-reac- 
tion method was applied to the analysis 
of an induction motor with 3-phase stator 
and 3-phase rotor. 

For a general machine with , stator 
phases and mm» rotor phases, it can be 
- shown that in general we can separate 
the positive and negative sequence equa- 
tions from the equations for zero-sequence 
and other sequerices. 

Thus we have 


(Rs+PLs)isy+(pM ir”! =0s4 

(Rs+pLs)is-+(pM ire ™ =05_ 
(R+PLy)irgt+( pM’ disp ™ =o, 4 or 0 (83) 
(R,+pLr)ir_+(PM")is_e™ =, or 0 (84) 


(81) 
(82) 


where R, L, M represent resistance, 
inductance, and mutual inductance (maxi- 
- mum value) between the windings, s and 
r denote stator and rotor respectively, 
M’=(n,/n2)M, and mn represents the 
angular velocity (relative) between the 
- stator and the rotor. 

By using suitable rotating reference 
_ frames, it is possible to refer the stator to 
the rotor, or the rotor to the stator, or to 
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some other reference frame. Let equa- 
tions 81 and 82 be transformed to the 
following: 


[Rst+(ptjn)Ls list [((p+jn)M]ir,=y (85) 
[Rs+(p—jn)Ls lip + [(p—jn)M]i;_=w (86) 


where the f, b components are related to 
the +, — components as given in Part I 
and Appendix I. When the rotor wind- 
ings are short-circuited, v,+ and v,— are 


equal to zero. So we have 
iy tp 
a Zs4(P) | 
L= pe == 87 
Up | Zs _(p) Oe 


where 


Zsi(p) =Rst+(p+jn)Ls(p) 
(m/n2)p M2 


Ss =Ls— 
sr Rebbe 


Suppose we want to refer the stator 
voltages and currents to a reference 
frame rotating at synchronous speed 
instead of actual speed n=1—s. Then 
equations 85 and 86 have to be changed 
to the following: 


[Rs+(p+jmo)Ls lise 70+ | 
[((p+j70)M |i, ae =Us4 e inal 
; (88) 


[Ret (p—jrto)Ls Hin} 
[(p—jro) M Jie?! =05_ 20" (89) 


Referring the rotor voltages and currents 
to a reference frame rotating at slip 
speed, s, we have similarly, 


[Rr-+(p+Js)Lr lice + 
(p+ijs)M' Jispe 7" =0 (90) 


[Rr +(p—js)Lr lire + 


((p—js)M' Vis_?” =0 (91) 


The impedance tensor or matrix of an 
induction machine referring to a reference 
frame rotating at synchronous speed 
N= 1 is hence 


Figure 5. Concate- 
nation of induction 
motors 


STATOR | 
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ROTOR | 


V4 
Figure 4. N-machine network 
uf t 
v, Zs j 
za (p+js) | : (92) 
v% Zs (p—Jjs) 


where 


Zsi(p+js) =R; +(prjno)Ls(p+js) 
(p+js) M*(m/n2) 


iE p=E7s) = 
(p+js) s RRO 


CONCATENATION OF INDUCTION MoTors 


For the concatenation of induction 
motors,*” 33 we can make a choice of dif- 
ferent rotating frames. In reference 32, 
all the stator voltages and currents of the 
first machine are referred to a reference 
frame rotating at synchronous speed. 
Here we shall take a reference frame 
rotating at actual speed, 1, first, and then 
change the frame speed from to mo. 

As shown in Figure 5, the rotor of the 
first machine is connected to the stator of 
the second machine through slip-rings. 
Referring the first stator to its rotor and 
referring the second rotor to its stator, 
we can get the following expression for the 
concatenation of induction motors: 

ins? ing is? 
v2 Zi(psin) | Mix(pin) | 


Z=n.| Mup | Zxp+Zeq) | —Mud 
44° | — Ms pin) Z4(pFin) 
(93) 
where n=, 0”, ih =i, 


14,°=0, tee Gg Zx(pain) = Rit 
(p#jn)Ly, and Zy(p) =R,+ply, for k= 
1, 2, 3, 4. Notice that the positive 
sequence and negative sequence com- 
ponents can be separated just as in the 
balanced operation of a single motor. 
Referring to Appendix IV, the trans- 
formation matrix between the old cur- 


STATOR 2 ROTOR 2 
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ROTOR | 


STATOR | 


Figure 6. System of 
selsyns 


STATOR 2 


ROTOR 2 


© 


rents and the new currents is given by 


Now if we want to change the speed of 
the reference frame for the first stator 


from 7 to m, the synchronous speed, it is 
only necessary to change p to (p=Js:) in 
equation 93, as we did in getting equation 
92 from equation 87. 


Thus 


Myi2(p +70) 
Z2(px481) +Za(p4is1) 


Zi (p+4n0) 
M2 p+j51) 


— Mgs(p+js1) 


The transformation matrix can be 


given as 


For a selsyn system of k machines 
(Figure 7), we have the following expres- 


(94) 


— Msi p+js2) 


where 


m=1, 3 =n—n=1—72, s.=s;—-n=1—2n 
=—(1—2s)), 

Ons i149 =i, et irat, 

0249=0, i242 Sie, 

143°=0, 144° =, ef Fat 


14° =VU,€E 


Equation 94 can be combined to a general 
system of synchronous machines and ex- 
ternal networks all referring to a reference 
frame rotating at synchronous speed, mp. 


SYSTEM OF SELSYNS 


For a selsyn system of two slip-ring 
induction motors, both stators and rotors 
are connected in parallel as shown in 
Figure 6. There may be a rheostat be- 
tween the rotors. In general the rotor 
impedances may include resistances and 
reactances connected between the two 
sets of slip-rings. 

Referring the stator voltages and cur- 
rents of both machines to the same rotat- 
ing frame and noting that v.,,°=v,,° and 
4714 = —t,2,, we have 


151 4° try 4 4324.° 
Mi (pin) 
Zn1(p) +2Z72(p) 

Vea — Map) 


Usi+ Zs1(p:-bn) 


oo Mop 


Zs2 (pin) 


Z4(p4482) 


sion for the impedance tensor or matrix: 


‘i 7 

Appendix |. Introduction of Ro- — 
tating Reference Frame to Syn- 
chronous Machines and Station- 
ary Networks 


Let the equations for the positive- and 
negative-sequence vector components of the — 
stator currents and voltages be } 


ee 


i7k 
[cate w+ terse fet ; 
Ly"p(i_-e?™) +p") =, (99) 


: 1) 2a 
eee tide ft 3 
Li"plize ?™)+ poe ™) =v_ (100) © 


where all the symbols are as defined in Part I 
of this paper. 

Let now the stationary armature axes 
+ and — be transformed to a set of rotating 
axes f and ), or 


ii b 1 

ab @? = 
Cais =70 ; 
€ y 

5 f « 79 r & 

Cris, is =C,; - 
where C represents the transformation — 


tensor or matrix and C~! its inverse trans- 
formation, 0=nt, p)=n. 

Denoting the old system t+ and i_ by i 
and the new system is=i,e%™ and 
ip =i_e’™ by i’, we have the following 
tensor or matrix equation: 


i=Ci’ 


heed, 


ae 


(102). 


a? 
For a simple resistance, inductance or — 


— Mi(p+jn) 


8 


The complete equations for v;q_),° and 
Ur(kK-1)4 Are: 


Ys (ka) 4° = [Zs (e_1) 4 és (ey 9+ 


(Me ay(pjn) Vir (Ke -1) (97) 


Mk) = [Maa Pls 1) 9 — 
Z, kinat nosh one + 
(Zr(e-ay+Zrxlir(e-ayz (98) 


Mrpisrs°+ 


(95) 
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Zr (kK-1) +Zrk 


g 


capacitance, the impedance tensors 


matrices are 


a ee ee 


+ — 
Pgs eee 

- R 
Bie oe? g 
pelo j 
wo=ot} = || | 
+ = ; 
S 1+] S$ | ; 
=) |—_|——_ 103) 
Pps S ‘ q 
where R=R,+Rz, L=L1,°+L1, and 
S=1/C. : i 


Let equations 99 and 100 be rewritten as 


AIEE TRaNSACTIO! is 


4 


S 
es (99A) 


Ss 
(a+ p+) -e=0—pr. (100A) 


In tensor or matrix form, equations 99A 
and 100A can be combined into: 


i (R+p+ ji-e=v- py (104) 
where 
4 = pt Lie Je = ye (105A) 
¥-=UntLivize le ™ =e ™ (105B) 
Similar to equation 102, we have 
v=Cv', e=Ce’, y=Cy’ (102A) 


Equation 104 can be transformed to the 
rotating frame as 


RU +L(C- pon'ss(c-4 c)i 


=e! =|v'—(C-'pC)] (106) 


where R’=C™ RC, L’=C" LC, and S’= 
CSC. 

For the particular reference frame chosen, 
it is readily seen that R’=R, L’=L, and 


S’=S. It remains to find the values of 

p’ and p’—, where 

pt’ =(C-pC)i’ (107) 
1 

poita(c-te)e (108) 


Notice that pand 1/p refer to all expressions 
to the right of them. Now 


pCi’ =(pC)i' + C(pi’) 
= poi + Cpi (109 
mag Bee TCHH (109) 


C-\ pCi’) =C-! a pot’ +C-1Cpi’ (109A) 
or 

pi’ =(Tpo+Ip)i’ 
So we get 


p’=(Tpo+Ip) 


where 


(110) 


(110A) 


(111) 


Re ete | 
P | yoo | (112) 


For the potential across the capacitance, 
_ We get from equation 106 as follows: 


S(O OW =e =e’—(R/+L'p’)i' 
” (113) 
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It can be shown that after suitable manipu- 
lations, we get 
pS a ec =1 (114) 


Multiplying first by p’~! and then by S’, 
we get 


ec’ =S'p''t' (115) 


Substituting equation 115 into equation 113, 
we get a new expression for equation 106 as 
R'U+L'p'i'+S'p'—i’ =e’ (116) 


which is of the same form as equation 104. 
The expression for P’~! is 


(117) 


From equations 99A, 100A, or 104, the 
impedance tensor or matrix is given by 


From equation 116, the new impedance 
tensor or matrix referring to a new rotating 
reference frame is hence 


1 
R+LMp+in)+ Coin) 


Figure 7. System of selsyns 


mended for the analysis of rotating me- 
chanical and electrical systems. Just as 
relativity plays an important part in modern 
science, so rotating reference frames with 
transformations defined by equation 101 
will be a natural view-point for the study 
of rotating systems. 


Appendix Il. Synchronous Ma- 
chine Connected to a Transmission 
Line with Distributed Constants 


Let s=r+pLl and y=g+C represent 
the series impedance and the shunt admit- 
tance of a transmission line per-unit length, 
Z=z2l and Y=yl represent the total im- 
pedance and admittance from the sending 
end to the receiving end or the fault, as the 
case may be, Also, let a= V zy and 
6=V ZY =all. 

The well-known relations between current 
and electromotive force at any point, distant 
x from the receiving end, is 


v1 oe ; 

Mm SA) pees as (120) 
0’e 

— =(r+pL)(g+pC)e=are (121) 
Ox? 


where p= 0/Otis independent of x, a= Vy 
is a function of p but not of x. The solution 
of equation 121 is 


(119) 


stot me LN) 2 
R+L(b—jn) +o 


Equation 119 checks with the results of 
references 2 and 14. 

Similar results can be worked out for the 
general terminal impedance wu(p)/y(p). 
Laplace Transforms and Heaviside’s Shift- 
ing Theorem can be readily applied as a 
check on the results obtained by tensor or 
matrix analysis as outlined above. From 
the above demonstration, it is evident that 
the f and b reference frame as used by the 
author in 1928 at Massachusetts Institute 
of Technology (reference 1) is to be recom- 
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e=AypeM +A. P= 
K, cosh ax sinh ax (122) 


For transient studies, we are especially 
interested in short circuits. So we shall 
consider the case of short circuits at the 
receiving end or at some other chosen point 
on the line. For x=0, e=0, so Ki=0. 
For x=1, e=Es, so K.= Es/(sinh 0), where 
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§6=~</ZY. The general expression for the 
current is 


Ve 
5 (K, sinh ex+ Kz cosh ax) (123) 
For a short-circuited end, we get 


sinh ax Y[ cosh ax 
= EB. i=- Eat l24 
- aa | a Ae | ae) 


The relation between E; and J; can then be 
expressed as 


E, ul) > 1S a 


yp) * | cosh @ (128) 


where 


0=VZY =lV zy =1V/ (r+ pL)(g+pC) 
=0V (pth pth) (126) 

in which 

0=V LCR =1/L, ko =2/C. 


The problem now resolves to the evalua- 
tion of u(p+jn)/y(p+jn). From equation 
126, we have 


01. =O (psn) =00V (pHin+hi)(p+in+ke) 


=O) V p?+ 2kop — mo? + j2n( p+ ko) 
(127) 


where 


_ bathe, 


Ro 5 


’ 


and m?=n?—kike. For k:=k,=ko, the 
quadratic under the radical will be a perfect 
square, 

From equations 125, 126, and 127 we 
get 


as ss] aan) 


yW(pjn) 04 


The hyperbolic functions in equation 128 
also can be expressed as 


cosh 64 


62° 9s” 68 
Seen e cab bar anes ae beictacte (129) 
See, O25 04a 08 
ae Tater tat sien soadenene (130) 


where 


6.2 = 00? [p?+ 2hop — no? j2n(p+ko)] (127A) 


In actual problems, it may not be neces- 
sary to use the infinite series as given by 
equations 129 and 130. However, the 
alternate fork to the hyperbolic functions 
shows that 0..% as given by equation 127A 
are polynomials in p free from fractional 
powers and that we are justified to derive 
F(p-:jn) from F(p), as F(p)=u(p)/y(p) 
can be expressed in terms of polynomials. 

From the above demonstration, we see 
that a transmission line with distributed 
constants can be combined with a syn- 
chronous machine all referring to the same 
rotating reference frame. Hence the im- 
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pedance tensor or matrix can be written as 


yy tp 
Pgs Wane | ais (131) 
wv Xi” Z:°+B 
where 
_4+ sinh oF _Z-sinh 6- (132) 
6, cosh 64 6_ cosh @_ 
The determinant D(p) is given by 
D(p)=Do bp) +-214°B+2,;°A + AB (133) 


where 


Zi: =Rit+(p+jn)Li(p), 


Xia" =(pein)L"(6), 


and Z..=Rzi+(pjn)Lr, Z,=Ri+pli= 
total series impedance of the transmission 
line. 


Appendix Ill. —_— Instantaneous 
Power and Torque Under Transient 
Conditions 

The fundamental equations of a salient- 


pole synchronous machine can be given as 
(see Appendix I): 


04—Riig=p[Li%4+Li"(i_ 2?) +Tye”* ] 


=plvye!] (134) 
v_—Ryi_=p[Lii_+Li"(i,e *)+he* | 
=plvoe 79] (135) 
where 
Wp = Li +L 41 = Lig + Lyin +Ly 
(136) 
Yo =Li 94 Ly"1 +p = LY in + Ly" Tp 
(137) 
i =i,e =i, 19 =i1_P 9 Hy 


and 0=nt, p0=n. 

The equations for the direct axis and 
quadrature axis rotor circuits are of the 
following form (see equations 5 and 6): 


Ear — Rartar = p (Lartar +(3/2) Mal(iy+%p)] 
(138) 


Eq Po Rorigr =) [Lgrigr She (3/2j)M(iy— 1p )] 
(139) 


The total instantaneous power for a 3- 
phase machine is 


P 3g =1aVa typ + icte = (44 +2_)(vy+o0_)+ 
(ai ,+at_)(a2v,+av_)+ 
(ai,+a77_)(av4+a20_) 

=3(i_v,+i,v_) (140) 


The total instantaneous power divided by 
the number of phases will be 


P=i_v,+iyv_=i_y 944% _0 
=yrptiyyy ( 140A) 
: Multiplying equation 134 by i_ and equa- 
tion 135 by 7;, we get 
t04—t_Rii,=i_(pLy%i4)+ 
i(pLy"i_é”) +i_(plye!) 
140-—44Ri_ =14(pLi%_)+ 
t(PLy"i,e ) +i. (ply ¢ 7) (135A) 


(134A) 
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Similarly, we have 


tar Ear — Rartar® =tar(pLartar)+ 
(3/2 )iar [PMa(is+%)] (138A) 

dgrEqr — Rgriqr? = igr(PLegrign) + - } 
(3/2) Jigr (PM o(ts—%)] 


If the machine runs as a synchrono 1s. 
motor, the total power input will be 


P, =3(i_v,+1,0-)+4arEar+ ple ae 


The total 72R losses of the armature phases 
are ‘ 


(ig? + ip? + ic?) Ri =3(4_44+7444_) 


where 1-14 =241-. 

If we subtract all the armature and field 
i?R losses from the total instantaneous input 
power, we get 


P,=Ps+P, =P\—3(t44+14t-)Ri— 
tar? Rar —tgr?Rgr (143 


(139A) 


(142) 


where P» is the sum of Ps, corresponding to 
the total stored-up energy, and P;, corre- — 
sponding to the total rotational energy. 


Stored-Up Energy 


The stored-up energy in the self-in- 
ductances is 


rere. 
U; a8 Li(ia? + in? +162) 5 Lartar?+ 


1 P Aa 
gLartar’ =3(L1°)(i44_)+ 


lec Lax 
glartar' tr, Lgrtgr? (144 ) 


So the corresponding power is 


OU, ? 
Pa= =o) =3L,°[i_(pi,)+44(pi_)]+ 


Lariar( piar)+Legrigr(pigr) (145) 


The stored-up energy in the mutual in 
ductances between the armature and the 
field is of the general form (mitg). In 
rotating machines, m=M cos 0, where 
6=nt. y 

For a machine with armature © 
phases a, b and c, and field circuits d and q, 
we have 


U2 = Maatarta — Mqatgria + Martarty — ; 
Mavigrint+-mactarte—Mactgrte (146) 
where 


2 
Maa = Ma cos 6, may = Mg cos (0-*) 
Qn\ 
Mac = Ma cos (04% ja 
2 
Mga = My sin 6, mg = Mz sin (0-*), 


a ' DP 
Mac = Mg sin (04% je 


By substituting in 7 and 7 components 
for ig, ip and z,, and combining terms, we 
get 3 
U2,=(3/2)iarMaligt+ty) + bE 
(3/2j gr Mq(ig—t) © (147) 

AIBE Trans: 


‘ 


The corresponding power for stored-up 
energy in the mutual inductances between 
the armature and field is hence 


OU: 


Pa = =(8/2)iar [bp Mali¢-+ay)|-+ 


(38/2)(is-+m) [PMatar J+ 
(3/27 )igr [Pb Mq(is—in) |+ 
(3/23 )(iy—ty) [PMogtgr] (148) 


It can be shown similarly that the stored- 
| up energy in the second harmonic com- 
ponent of the armature self-inductance of 
a salient-pole synchronous machine is 
given by 


U3 =(8/2)L,"(i_22 47,26 70) 
=(3/2)L,"(ip?+i72) (149) 


| So the corresponding power for stored-up 
energy is 


OU, 
| Ps =— =3L1" lig pir) +ip( pir) ] 


Bi (150) 


| Rotational Power and Torque 


The total instantaneous rotational power 
will be given by 


\ P,=P,—Ps =P2—(Psi+Ps2.+Ps3) 
=3 [in {Gy +Li"in)} + 
ig{ (—f)\To+Ly"iz)} \(p9) 
=3 [taj(vy—Liis)+ 
if —j (Yo — Lin) (p0) 


~ Since to(jiy) and if(—jiy) cancel out, the 
total instantaneous power (rotational) di- 
_ vided by the number of phases can be given 
as 


P= in joy) +t( —jo) |p 0 


_ The instantaneous torque can be obtained 
by dividing P, by (p0). 
Hence 


(151) 


(152) 


T= inj (Yp—Li ty) +if —7) (Wo — Lit) 
=ty(jvyrr) +i —jYor) 


or 
T= in Wy) +i —jvo) = ivByt By (153) 
where By=jyy and By=—j¥». As equa- 


tion 153 holds good so far as the net result 
is concerned, it may be advisable to define 
By and By as 


By= pr =Hby— Lig) =f + Ls"in) 


By = — jor = —j( Yo — Lip) 
=—j(IptLi"is) (155) 


It may be pointed out that there are 
various ways of deriving instantaneous 
torque, 

Professor Lyon’s forthcoming book on 
A-C Machinery will bring out a funda- 
mental approach to this problem. If, in- 
‘stead of equation 152, we express P; as 


(154) 


P, =i_(jnp,)+i4(—jny-), 
~ where 
-¥4= Vand y=yne™ 


2 see that -bjn corresponds to d/dt(+j8). 
the similar expression T=i-(j¥+)+ 
+(—jy—), +7 corresponds to d/d0(-+j9), 
i nd 9 may be a constant angle, as we find 
in starting. 
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Appendix IV. Interconnection 
of Machines and Networks in the 
Same Reference Frame 


We shall give a brief outline to show how 
machines and networks should be connected 
according to tensorial reasoning. For the 
theoretical development of the fundamental 
principles of interconnection, the reader is 
referred to Mr. Kron’s treatise.13 
If 


Zi, Zo, Z3.... 


represent the impedance matrices of the 
component systems, and C represents the 
matrix showing how the systems are con- 
nected, then the resultant impedance matrix 
is 


PwC F + Zeer )C=C,ZC 
(156) 


Let the old currents in the component sys- 
tems be denoted by é, and the new currents 
in the resultant system be denoted by 7’. 
Then 
i=Ci’ (157) 
If the transformation matrix C contains no 
€/9 or €-/? or cos 0 terms, where 0=nt, 
equation 156 holds for the impedance matrix 
of the group, when machines are intercon- 
nected. (See Part VIII of reference 13). 
It is important to note that if the impedance 
matrices of the component systems are 
referred to the same reference frame, they 
can be connected in a simple manner by a 
transformation matrix C, as 0C/d0=0. 
So, when the component systems consist of 
machines and networks, they must be 
referred to the same reference frame, 
whether the frame is stationary or rotating. 

We now shall investigate how the im- 
pedance matrix of the synchronous machine 
is combined with the matrix of the terminal 
network. In a 3-phase synchronous ma- 
chine, the armature phases a, b, ¢ are 
actually connected to the terminal im- 
pedances. In analytical work, we can use 
symmetrical components (+, —, 0) or 
another set known as (a, 8, 0) components. 
As a, 8 components are transformed into 
d, q components, +, — components are 
transformed into f, 6 components. Both 
the d, g components and the f, b components 
refer to a rotating frame, just as the a, 6 
components and the +, — components 
refer to a stationary frame, which coincides 
with the physical frame of the stator or 
armature. 

The transformations between the f, b 
and d, q components are exactly the same 
as that between the +, — and a, 6 
components. 

Equation 18 of Part I gives the impedance 
matrix of the resultant system after the 
synchronous machine and the terminal im- 
pedance are connected. The matrices of the 
component systems should be referred to the 
same reference frame before they are inter- 
connected. As the matrix of a synchronous 
machine refers to a rotating frame, the 
matrix of the terminal network also must be 
referred to the same rotating reference 
frame. We have two choices in a refer- 
ence system rotating at synchronous speed, 
namely, the f, b system and the d, g system. 


We shall take the f, b system as an illustra- 
tion. 


EXAMPLE I. INTERCONNECTION OF A 
SYNCHRONOUS MACHINE AND A 
TERMINAL NETWORK (STATIONARY) 


The matrices of the component systems 
are; 


f b 
zat] 2H) | 14") 
= 
by Xi_"(p) | 21d) 
f b 
A 
a=} tee (158) 


Let the currents in Z; and Z» be iy, 71», and 
doy, to respectively, before the intercon- 
nection, and let zy’, 7)’ represent the new 
current in the resultant system. 

Then 


C,= (159) 


1 | 1 
1 

Since Z,+Z.=Z is given by (see equation 

56, Part II, reference 13): 


if 1b 
Zid) | Xin") 
15-79) | 2:50) 
-. 

2b 


2f 2b 


Z 


(160) 


we get by substituting equations 160 and 
159 into equation 156, 


ie b’ 
ae Z14%p)+A | X14"(p) 161 
25 Xia"(p) | Za") a-B ee 


which checks with equation 18 of Part I. 


EXAMPLE II. INTERCONNECTION OF Two 
SyncHRONOUS MACHINES 


Let 
ii 


b 
Z _ SL 224d) | X24"(2) 
"bf X2"(p) | Za-(b) 
Then equation 160 should be modified such 
that in the old system there is 


where Z now is expressed as a compound 
tensor or matrix. We can always check the 
results by writing down the elementary 
form from the’compound form. The trans- 
formations of equation 159 still hold true 
for the series connection of two machines 


(158A) 


(160A) 


Ku—Transient Analysis of Rotating Machines 953 


and may be expressed in compound matrix 
form as 


er 
t 


c=" eB 
iy I 


(159A) 


Substituting equations 159A and 160A into 
equation 156, we get in the new system 


ZZ (161A) 


The elementary matrix for two machines 
in series will be hence 


Hie bf 
Zi: p)+Z24%p) 


X14"(p)+X04"(b) 


pedances may be established. ‘‘The cor- 
rectness of the resultant impedance matrix 
can be checked easily by remembering that 
each row represents the voltage equation 
of each closed mesh,” So Kirchhoft’s 
second law has been here extended to 
tensor or matrix analysis of rotating ma- 
chines. 
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Discussion 


Karl L. Wildes (Massachusetts Institute of 
Technology, Cambridge, Mass.): The ques- 
tion has been raised as to why Dr. Ku has_ 


By the above examples, we see that tensor 
or matrix equations for the different meshes 
of a general network of machines and im- 


used symmetrical components or forward 
and backward components for the analysis 
of multiphase rotating machines,. Two 


14. Srationary Networks AND TRANSMISSION 
Lines ALONG UNrrorMLy ROTATING REFERENCE 
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_ obvious reasons present themselves for 
| using particular co-ordinates. The first is 
| that the structure of the machine may dic- 
| tate or suggest the use of certain co-ordi- 
| nates, as in the resolution of armature reac- 
| tion along the direct and quadrature axes of 
the salient-pole rotor before applying a 
_ permeance factor to obtain flux or induct- 
ance. The second reason for using a special 
kind. of co-ordinate is to simplify the analy- 
sis. Somégeometrical problems are much 
| more easily solved in terms of cylindrical or 
spherical than in rectangular co-ordinates. 
| This is the justification for use of symmetri- 
cal components or of forward and backward 
components for special 3-phase problems. 
Gabriel Kron dealt through tensor reasoning 
(see reference 15 of paper) with the se- 
| lection of optimum reference frames for 
the solution of synchronous machine prob- 
lems. Dr. Ku has illustrated in the present 
_ paper some cases in which rotating reference 
frames simplify the analysis, and his pro- 
cedures are straight forward and easy to 
/ understand. The Kron “‘boxes’’ will scare 
| some readers away, but boxes are not neces- 
sary to the understanding of the paper. 
' Incidentally, any reader not familiar with 
| matric methods could profitably spend an 
evening or two prying into these Kron 
boxes, because they are an effective aid in 
| the organization of physical and mathe- 
_ matical relationships. 
| The following physical interpretations 
| should be helpful to the student who reads 
| Dr. Ku’s paper. 

Currents zg, 7», and 7, are instantaneous 
currents in the stator coils, each coil being 
distributed in such a way as to give a dis- 
tribution of magnetic potential at the air 
| gap which may be assumed sinusoidal in 
_ space. 
| Professor Edith Clarke’s 
| defined as 


components 
baler ae 
i. Gat ty +%c) 
at 
ta= (2t4 —tn —tc) 


ip=,(V3iv— Vie) 


are a set of instantaneous currents conceived 
to flow in properly positioned coils which 
would produce the same distribution of 
magnetic potential as the actual currents in 
the actual coils. The zero-sequence com- 
ponent z may be considered to flow in all 
three of the actual coils, and it does not 
produce any air-gap magnetic potential. 
The @ component za flows in a hypothetical 
coil with its axis coincident with that of the 
actual phase-a coil and having 3/2 the 
number of turns of the phase-a coil. The 6 
component flows in a similar hypothetical 
coil placed 90 electrical degrees ahead (to- 


ward phase b) of the a coil. The zero, 
alpha, and beta axes are therefore stationary 
_ axes but are of such nature that, if the rotor 
_were stationary and had its direct axis 

aligned with the phase-a or a axis, its quad- 
_ rature axis would be aligned with the 6 axis. 


“ 


But the rotor is not usually stationary in 
this position. If the angle by which the 
direct rotor axis leads the alpha axis is # a 
second transformation may be defined as 


. 
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10 =o 
1d =tq COs 0+ 7g sin 0 
1qg= —ig sin 6+%1g cos @ 


The new hypothetical components of 
current 7g and iy are instantaneous values 
which may be considered to flow in coils 
attached to the direct rotor axis and the 
quadrature rotor axis respectively, and the 
magnetic potential distribution is the same 
as would be produced by the actual a, b, and 
¢ currents or by the hypothetical 0-, a-, 
and 6-components. These direct and quad- 
rature components are along rotating axes, 
and their magnetomotive forces can be 
combined with those of the field structure to 
yield the total magnetomotive forces in the 
two rotor axes. Permeance or other factors 
can now be applied to give fluxes, linkages, 
voltages or inductances in each of the axes. 
Having done this, a return can be made to 
the stationary axes (0, a and 8 or a, b, and c) 
if this seems desirable for the solution of a 
particular problem, or a new transformation 
can be made to any other set of useful axes. 
These considerations or their equivalent 
have been presented earlier in papers by Ku 
and Park. Dr. Ku begins in Appendix I 
with symmetrical components of instan- 
taneous stator currents which are related to 
the Clarke components as follows: 


1p =10 

: aie 
=— (ig tjt 

+ 3" JB 


1 
t- Fs (ta —Jig) 


Up to this point the currents under con- 
sideration were actual physical currents 
which could be considered to circulate in 
coils properly placed in a physical machine. 
These symmetrical components are mathe- 
matical nonphysical quantities which cannot 
be conceived to exist in any physical coils. 
They are nonphysical in the same sense that 
an alternating current Je/(!-9 jis non- 
physical; the corresponding physical cur- 
rent is 7= »/2I cos (wt—@). Similarly <4 
is a space vector with components in the a 
and £ directions. It corresponds to a 
physical current of magnitude 


1 —— 
lis | =5W ia +ip? 


in a physical coil whose axis is at an angle 
tan—! ig/ig ahead of the a axis. If the 
factor 1/, had not been present, this de- 
scription would represent the complete 
physical situation in the machine as far as 
air-gap magnetomotive force is concerned. 
Since i, is a complex number with respect 
to clearly defined axes (a and 8), the 7 com- 
ponent is in a sense unnecessary ; in fact itis 
always the conjugate of 4. The com- 
ponent could be interpreted as a physical 
current in a coil back of the @ axis, but such 
an interpretation does not correspond with 
the actual physical facts in the machine. 
It should be noted that the sum of the 7+ 
effects and the i— effects does not represent 
the physical situation. 

The i, and i) components have exactly the 
same relation to the 7q and zg components 
as do the i; and i— components to the a 
and B components and may be given the 
same physical interpretation. 
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Y. H. Ku: The author is indeed very 
grateful to the discussion of Professor K. L. 
Wildes. During the presentation at Madi- 
son, Wisconsin, the introductory remarks 
and comments by Dean W. A. Lewis has 
been most encouraging to the author and 
enlightening to the audience. As he wrote 
to the author after the meeting, he said: 
“TI realize that those who are new to this 
particular field might have been guided 
somewhat by my comments.. I had some 
thought that I might still complete my re- 
marks and ask the AIEFE for an extension of 
time. However, I felt that what I had to. 
say would need some documentation from 
references, and it was not possible to find 
time to take care of this within the few days 
after I received your letter.” However, it 
is the author’s privilege to record his. 
appreciation in the closure. 

In the final preparation of the paper, the 
author has been greatly benefited by the 
comments of the reviewers. One reviewer 
commented that the paper presents ‘“‘a 
fresh point of view,” but he brought out the 
fact that certain derivations of equations 
cited references which are not generally 
available. So in this closure, the author 
feels somewhat obliged to insert in this rec- 
ord certain previous results, especially re- 
sults of a paper presented before the AIEE 
in June 1932, but not available to the gen- 
eral reader as only an abstract was pub- 
lished in Electrical Engineering (see refer- 
ence 2 of the paper). 

Extending equations 1 to 4 of reference 
of the paper to the salient-pole synchronous. 
machine with grounded neutral, there are 
the following: 


1 Suerte 
(Ri+Lyp)ta— 3 (Lop) (iat ta+10) + 
2 5 2 2a 
3th?) [is cos 2nt-+7, cos (on —7 


4 
ig COS (20 -*) hs (Map) liar cos nt] — 


(Mop) ligr sin nt]=v4 (1), 


1 
(Ri+Li°p)tz = (') (iatipt+ie) + 


3 ae eo eeeaLe 
32) 14 COs nas 
4or 


tp COS (20 et ) +i¢ cos ont | 
20 
(ata) cos (w -7*)| = 
, 2Qr 
(a ie sin (w—22) [ve (2) 


1 : 
(Rit Lip) t¢ ee (Lop) (ia t+igtic) + 


Zr) shes (ope *)4 
Bad py taco aren ; 


20 


ig cos 2nt+i¢ cos (20-25) + 
4a 
(Map)| ie cos (w-*)]- 
age |- (3) 
(a0) ie sin | nt— 3 =v¢ 
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(Rar + Larblier+ Matl a cos nt+ 


. , 2), 
ip cos| n 3 
4a 
tg COS (w-%)|- Ea or 0 (4) 


(Ror +Lerh)tqr — Mob E sin nt-+ 


Seal eee BEE -*)| 
tp Sin tomers t¢ SIN | 1% 3 


ie =H,,or0 (5) 


where 


ia, ip, ic =instantaneous values of armature 
currents in phases A, B, C. 

va, Up, Vo = instantaneous values of armature 
terminal potentials in phases A, B, C. 

All the other constants are as defined in 
the paper. Notice that L;°— L)°= Lo repre- 
sents the zero-sequence impedance, while L,? 
is equal to three times the mutual inductance 
between the armature phases. It may be 
pointed out that L,” is equal to (3/2) the 
maximum value of the second harmonic of 
the self-inductance of each armature phase, 
which is assumed equal to the second 
harmonic of the mutual inductance between 
armature phases for an ideal synchronous 
machine. It should be emphasized that 
there exist simple relations Lg=L,)9+ 1,” and 
Lqg=Ly—L,", where La and Ly are the well- 
known direct-axis and quadrature-axis 
inductances of a salient-pole synchronous 
machine. 

Equations 1 to 4 are essentially the same 
(see reference 2 of the paper). The effect of 
quadrature-axis winding is here added 
based on the results given in reference 10 
of the paper which treats two additional 
windings in the direct-axis besides the field 
winding. The extension of the above equa- 
tions to multiphase machines is given in 
reference 12. In all cases, the trigonometric 
transformations used are essentially the 
following: 


2 
nt cos x+7g cos (%—6)+%¢ cos (x — 269) + 


Sar +iy cos (x+6)] 
=e +i, i =ine @+i-® (6) 


Bi 
ae [t4 sin x7, sin (2% —O))-+ 


tc sin (x—26))+..... + 
iy sin (x+6c)] = —jire  +jin_1e* 
=—jlie %—i-&] (7) 


where 0)=27/n, 71+ and z_ represent the posi- 
tive- and negative-sequence components of 
a N-phase system according to the general 
Fortescue transformation of sequence co- 
ordinates in a N-co-ordinate system (see 
reference 12 and Appendix II of reference 11 
of the paper), For a 3-phase system, n=3, 
n—1=2, 6=2r/3=120 degrees. Thus 
equations 6 and 7 of this discussion reduce 
to the simple relations: 


2 
da “fis cos 6+%, cos (0-*)+ 
3 3 
4 F 
ic cos (0-2) Jai rie 


=iy+iy (6A) 
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te en ane pao Ws 
“= 5 14 Sin 0+7, sin 5 
4 = 
ic sin (--*)|- —iie Jo 


jin = —jlig—ty] (7A) 


where x=0=nt. For x=20=2nt, we have 
from equation 6 


2] . , Qn 
—| 14 cos 20-+7g cos | 206—— }+ 
3 3 
; oa 5 520 4 5, 420 
ig COS = =the ~" +e (6B) 


For x=x)=constant, equation 6 gives 


ei +i on 
= 4 os { x0 — 
3] 14 C08 wot te cos | x0 ——S 
F, 4 a j - jx 
te cos | ao — =e 7+ ine (6C) 


Since 14 =tuth, tp =o ta%+a%, icg= 
dytayta%t,, ig tigt+tic=3%, where a= 
ei2"/3 and a?=ei4"/3=e—i2"/3, we can sub- 
stitute equation 6 into equations 1, 2, and 3, 
and separate the sequences to get the fol- 
lowing set of equations in terms of sym- 
metrical components: 


(Ri+Lop)io=v0 where Lo =L,9—Ly° (7) 
(Rit+Li%) ist (L1"p) [ie?" + 


1 : 
2 b{Martar +5 Mgigre™ =v, (8) 


(Ri +L p)iet+ (Li"p) fie?" + 


1 Lx 
9 Pl Martar —j Matarle IM 9 (9) 


Adding external impedance (Rz+Lrp+ 
1/pC,) to these expressions, we get equa- 
tions 99 and 100 in Appendix I. 

From equations 6A and 7A, it is evident 
that we can write down a new set of equa- 
tions in terms of zg and 7, instead of iy= 
he I™ and ip=ine!"*, These results were 
given by Park in reference 5. While L,° and 
I," are convenient constants in the system 
of symmetrical components, Lg and Ly are 
better suited to the system of quadrature 
components. However, in the tensor anal- 
ysis of 2-phase synchronous machine, Kron 
found that the transient impedance matrix 
can be brought to the simpler form by using 
A=(Lat+Iyq)/2 and B=(La—L,)/2 (see 
equations 7 and 9, Part VII of reference 13 
of the paper). 

By substituting equation 6A into equa- 
tion 4, we get 


3 
(Rar + Larb)tar +5 Mapx — 
(ie "+ ine”) = Ear or 0 (10) 


Similarly, by substituting equation 7A into 
equation 5, we get 


(Ror + Lali + yj MebX 


(he int 


—ize™) =Eq or 0 (11) 
These expressions are the same as those 
given by equations 5 and 6 in the paper and 
give the following solutions for tar and igr. 
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Ear 3 Map ‘ 5 
tar =e is a (iy +%) 
Eq 3 Mob 


pS FERS 
i ere ae ENT (y—0) 


By means of Heaviside’s “Shifting For- 
mula,” equations 8 and 9 were transformed 
into the following: (see references 2, 10, 12). 


re 


1g 
(p-+jn) =| ba 
il 
(ptjn)Li"ty+ 3 (p+jn) X 


[ Matar +j Moigr]=vs (14) 


1 
1 =H L;° Pie ma L 
E +(p—jn) LY + pain =| to+ 


1 
(p—jn)Li"ig+ 5 (p—jn) X 


E + (pt+jn) LY + 


[Matar —jMgigr]=v (15) © 
These equations form the starting point of © 
the present paper (compare with equations 1 
and 2 in the paper). Solving equations 12, 
13, 14, and 15 simultaneously, the instan 
taneous transient currents iy, 7, tar, ald tgp 
can be readily determined. ri 
The determinant for the transient solu 
tion of the above equations was given in 
reference 2 as: 


Ds'(p) = (p? +n?) Dab) + De(P) (16) 


where D,(p) is the determinant for a salient 
pole synchronous machine without external 
capacitance, and D,(p) is a cubic involvi 
C, or x,=1/C;. While D;(p) has on 
positive coefficients, D.(p) may have nega 
tive coefficients, “‘so the combination m 
give negative coefficients in the expression 
for D;°(p), sufficient to yield positive real 
roots.’ So the fifth degree equation (equa- 
tion 16) did give a quantitative analysis fo: 
self-excitation or negative damping of syn 
chronous machines with capacitive loading. © 
In terms of the nomenclature in the present 
paper, we have for the simple case of an ex- 
ternal capacitance the determinant: 


A(p) =(p2-+n2)Do(p) + De() 
Delp) =e {2Rip+2(b?—n?)Lir(p) +e} (18) 


where for the case of one field winding an 
one amortisseur winding in the quadrature 
axis, 

3 pMa? 
2 Zar 


_3 pM? 


Li°(p) =Li°— 2 Lor 


s represents slip. 

In the discussion brought out by 
fessor Wildes, emphasis has been laid on 
instantaneous values of currents and vo 
ages. For instance, the phase currents 
ig, ic have real instantaneous values. 
fessor Edith Clarke’s components, bei 
real transformations of these instantaneous 
currents, must have also real values. Th 
relations between 74, 7 and Ze, ig com- 
ponents as shown in Professor Wildes’ di 
cussion clearly indicate that the positi 
sequence and negative-sequence insta 
taneous component currents are conjuga' 
of each other. As an illustration, if ta= 


AIEE TRANSA 


| 


! 


I 
I 
i 
i 


| 
| 


| V2 cos nt and ig= 4/2 sin nt, then i, = 
| 1/2Ga+jig)=0.707 &™, i- =1/2(ia—jig) = 
5 0.707 «9, 


In transient studies, the actual currents 


_ may have damped d-c components, damped 


sinusoids, besides the usual steady-state 
components. It is important to note that 
in using different systems of components 


i) 


representing the actual currents, we are 
dealing with instantaneous values instead 
of complex representation of sinusoids so 
that our analysis can be extended from the 
steady state to the transient problems. 
Finally, the author wishes to express his 
appreciation to Professor T. J. Higgins for 
co-operation in the presentation of this 


T was pointed out by P. H. Trickey! 
that the design of reluctance synchro- 


nous motors might be divided into three 


steps. The three steps are: 1. choose 
' trial dimensions and windings, 2. calcu- 
late the motor constants, and 3. calcu- 


| late the performance of the trial design. 
_ Papers have been published which allow 


the designer to select the optimum rotor 
punching configuration®* and papers 
have been published which allow the de- 
signer to calculate the constants‘ and the 
performance.! Hence, it is apparent that 
the selection of stator turns and wire size 
is still a matter of trial and error. Since 
such indirect methods exist in the selec- 
tion of stator turns and wire size, it is 
then apparent that the calculation of per- 
formance will be done by considerable 
trial and error. 

It is intended here to develop an exact 
method of design, whereby the design is 
based upon synthesis.° This method will 
allow the designer to calculate directly 
the number of conductors and the wire 
size in order to meet a certain value of 
maximum torque,, In addition, an exact 
method of predicting performance will be 
developed, which takes into account the 
voltage drop due to the primary imped- 
ance. The equations developed will orig- 


inate from an equivalent circuit and the 


equivalent circuit will be based upon the 


- vector diagram which has previously been 


developed for the unexcited, reluctance 
synchronous motor using the 2-reaction 


theory. 


Development of the 


‘ 


Equivalent Circuit 


The vector diagram for the unexcited 
teluctance synchronous motor was shown 


- by Trickey in Figure 1. 
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paper, and takes pleasure in recording the 
following comments from him: “I find Dr. 
Ku’s paper of the greatest interest. It is 
certainly a very clear and concise presenta- 
tion of the essentials of the problem 
treated. It merits the close attention of 
all interested in the modern theory of ma- 
chines and networks. 


A Design Method for Polyphase 


Reluctance Synchronous Motors 


C. H. CROUSE 


ASSOCIATE AIEE 


From the vector diagram it can be 
observed that 


IaXa=E cos 6 and [y7Xy=E sin 6 


TaX 2G 
B=—— and met Xo 
cos 6 sin 6 
or 
Xx 
Za= a (1) 
cos 6 
and 
X, 
Saag (1A) 
sin 6 
Nomenclature 
X, 
A=—-1 
Xp 


C=total series conductors per phase 
Cr=voltage correction for stator resistance 


drop 
Cz, =voltage correction for stator reactance 
drop 
E=internal voltage per phase 
Ex 
BE! =E+j— 
J Ze 


f=frequency, cycles per second 

I, =line amperes 

Ig=component of line current in direct 
axis, amperes 

I,=component of line current in quadra- 
ture axis, amperes 

Ky» =winding factor =distribution factor X 
pitch coefficient 

le=one-half average length of conductor, 
in inches 

M ase sin? 6 

Py 

n=number of phases 

P=power output per phase-+ rotational 
losses 

@,=primary leakage permeance 

@p=magnetizing permeance in direct axis 
(unsaturated ) 

y,=stator winding resistance per phase, 
ohms 

Sp =stator slots 
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V =terminal voltage per phase 

*x,=primary leakage reactance, ohms 

Xq’ =magnetizing reactance in direct axis, 
unsaturated, ohms 

Xq=magnetizing reactance in direct axis, 
corrected for saturation, ohms 

Xq=Mmagnetizing reactance in quadrature 
axis, corrected for saturation, ohms 


Xop =| += equivalent open circuit re- 
€ 
actance, ohms 

Y,.=equivalent admittance, mhos 
Ze =equivalent impedance, ohms 
Br=angle between HE’ and V, degrees 

+ =angle between E and E’, degrees 
6=load torque angle, in degrees 
6’ =angle between E and I, 
6=6' —(Be— Bz) =power factor angle 
“ =saturation factor 
F & W=tfriction and windage, watts 


cs =circular mils of copper per slot 
slot 


The impedances Z, and Z, are parallel 
impedances since 


I,=latlg 


The impedances developed in equations 
1 and 1A can be changed into rectangular 
co-ordinates by operating with cos a+j 
sin @ 


Let 
a=—90—6 
Xa P ; 
we (—sin 6—j cos 6) 
cos 6 
= —Xq tan 6—jXa (2) 
Let 
a=—6 
x 
Zy= —(cos 5—j sin 5) 
sin 6 
=X, cot 6—jXq (3) 


If the core loss is represented by Rye, 
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AIEE Great Lakes District Meeting, Madison, 
Wis., May 17-19, 1951. Manuscript submitted 
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the three elements of the equivalent cir- 
cuit, which are in parallel, are then Rp,, 
equation 2, and equation 3. 

The equivalent circuit then is con- 
structed with the three parallel branches 
in series with the primary impedance. 
The resulting equivalent circuit is shown 
in Figure 2 


Development of Equations from 
the Equivalent Circuit 


STATOR IMPEDANCE DROP 


In order to develop equations from the 
equivalent circuit, it will be necessary to 
derive the equations required to account 
for the stator impedance drop. 

From the equivalent circuit 


1,=K,+lat+Ire (4) 
Therefore 
1 1 1 
Y lope a -— —— 
: ae 
24 4a 1 
Za? Zq Rre 
Xq tan 6—jXa , X,cot ’—jX¢ 
Xa? XxX? 
cos? 6 sin? 6 
pa 
Rre 
Y.= sin 6 cos pXea Xe) = aa) 
XaXq 
. (Xasin? 6+ Xq cos? 8) 
XaXq Rye 
2G 
A=-!-1 
Xx, 


sin 6 cos 6A 
Ve 


Idy, 


Figure 1 (left). 
Vector diagram 


for the unex- 
cited reluctance 
polyphase syn- 
chronous motor 
ij {X 1 
i( = si + — 
Xa Xq Rre 
A sin? Lata wie 1 
== SS SSS sin 
-_) aa (Py 
eee iL 
eines (5) 
Cae ve 
where 
M=— sin? 6 (5A) 
and 
L=1+A sin? 6 (5B) 


For voltage correction, it has been 
found that the term X,/R,y. can be 
dropped without undue error. How- 
ever Xq/Ry- will be used when the line 
current is to be determined, 

Therefore, again from the equivalent 
circuit 


Ex, 
E/=E+j— 
Ty, 
B= f ay 
ie 
ND 
SRG 
Ei Be : 
jer ae 
eee 
E=E'(Cz) 
where 
Cr= : 
vy 
pape ; 
ty fetiM) (6A) 
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Figure 2. Equivalent circuit for one “phase of the unexcited reluctanc 2 
polyphase synchronous motor ; 


1 V 1 
nCr 4nG 


=V(Cr) 


Xe 


t1Cr 
M—jL 
x, jL) 


Thus 
= V(Cr)(Cr) (6) 


The product (C,)(Cp) is the voltage 
correction which accounts for the voltage 
drop of the stator winding. It should be 
noticed that the voltage correction can be 
taken at any torque angle, 6, which repre- 
sents a given load point. 


POWER DEVELOPED 


As was pointed out at the beginning of 
this paper, it is intended that a method 
be made available by which it is possible 
to solve directly for the exact stator turns 
and wire size for a given maximum torque. 

From the vector diagram ~ } 


Power developed = EJ, cos 6— Ela sin 6 


Ee sin 6 cos (2-1) 4 
Xa Xq } 


E?*A sin? 6 
2Xa 
Let 
F2 = V2CR?Cz?2 
Therefore 
| 
A ee 
= a per p -~ | 
(synchronous watts) 
and 


Shaft output = P —rotational losses 


In order to obtain maximum power or 


aia 


% 


maximum torque, 6 is necessarily 45 de- 
grees, therefore 
V?2CR?Cz7A 

2Xq 


Rotational losses (synchronous 
watts per phase) (8) 


Maximum power output = 


In order to solve for the stator turns, it 
is then obvious that the equation be set 
up in terms of Xz. With Xz known, the 
stator conductors per phase can be deter- 
mined from the following relation 


_ | Xau(10*) 


C= 
Inf P pkw*n 


It also is apparent that the stator turns 
per phase can be obtained which will 
produce a given power output at any de- 
sired torque angle. Thus, by direct syn- 
thesis, it is possible to solve for the stator 
turns per phase as a direct function of 
motor performance. 


DERIVATION OF LINE CURRENT 


In order to obtain the line current at a 
given load point, use will be made of equa- 
tion 5. Since equation 5 was based on the 
vector sum of the three currents shown in 
equation 4, it follows that the line current 
is 
In = VCrCz Ye-~ (9) 


The angle 6’ is the angle between the 
internal voltage E and the line current 
and is obtained from the following relation 


(10) 


POWER INPUT PER PHASE, POWER FACTOR 
AND EFFICIENCY 


In order to obtain the power factor and 
subsequently the power input per phase, 
it will be necessary again to return to the 
following equation 
me et 

1+—(L+jM) 
Xa 


The angle between E and £’ is obtained 
from 


(11) 


Also, the following equation will be 
used 


1 
E'= 
f 11 Cz 


By (MIL) 


_ The angle between E’ and V is obtained 
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from 
nCr 
a 
Br= tan-! —— (12) 
Peay 
Xa 
The power factor angle is then 
6=0' —(Br—Bz) (13) 
from which the power factor= cos 6. 
The power input per phase is then 
P=VIz, cos 6 (14) 
The efficiency is then 
yer output 
Beaty (per phase) (15) 


power input 


IDLE CONDITIONS 


At no load, the total reactance, Xgp, is 
as follows 
1 
Xop=S>t+% (16) 
Y. 


Therefore 


V 
Ta= (17) 


Xop 
The primary copper loss=3J@?r; (18) 


Total idle losses= Primary Copper loss+ 
( F&W)-+iron loss 


Therefore 


total idle losses 
3V 
From equations 17 and 19, the idle cur- 
rent then can be obtained 


I= 


(19) 


Inr=Iq—jla (20) 
La 
No load power factor angle, @=tan~! Z, 
gq 

No load power factor =cos @ (21) 


Summation of 
Performance Equations 


At this point, prior to an example, it 
might be well to sum up the equations re- 
quired to determine the motor perform- 
ance and also emphasize again the equa- 
tions necessary for design by synthesis. 

1. To determine the power output at a 
given torque angle: 


V2CR?Cr?M _ 
Xa 


rotational losses, synchronous watts 
per phase (7) 


Shaft ouput = 


2. To determine the maximum power 
output at a torque angle of 6=45 degrees 


V2CRr?Cz?A 
Maximum output = i ae ge _ 
rotational losses —synchronous watts 
per phase (8) 


Crouse—Polyphase Reluctance Synchronous Motors 


3. To determine the line current J;, at 
the given torque angle as used above in 
item | 


In=VCrCLY, (9) 


4. To determine the power factor 
(same torque angle as in item 1) 


= MM 
Xe 
Bz =tan™! (11) 
z 
1-—L 
Ad 
nes 
a Xa 
Br=tan '! ye (12) 
pee eeeg 1 
NG, 
Lee (10) 
sear 
Fe 
6=6' —(Br—Br) (13) 


where power factor=cos 6. 


5. To determine the 
(same torque angle as in item 1) 


power input 


P=VI, cos 6 (14) 


6. To determine the efficiency (same 
torque angle as in item 1) 
power output 


Efficiency = = 


: (15) 
power input 


(per phase ) 


7. To determine idle conditions 


V 


Xop 


Ta (17) 


(18) 


Primary copper loss =3J/@?n 


total idle losses 
seis 3V 


Tyz=1Iq—jla 


No load power factor angle, @=tan~! 
gd 


No load power factor =cos 6 


EXAMPLE 


(A). Design by Synthesis. As was 
pointed out in equations 7 or 8, it is pos- 
sible to design a winding for either of two 
conditions, for example, (1) on the basis 
of the maximum torque desired, or (2) on 
the basis of the full load point at which 
the motor is to run. In either case equa- 
tions 7 or 8 can be solved for Xz. It was 
previously pointed out that the following 
relation then applies 


cng Kent”) 
~ 2rf Po Kwn 
At this point, it would be well to explain 


that the configuration of the rotor punch- 
ing along with the stator punching has 
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been determined. In other words, the 
stator and rotor punchings have been de- 
signed and it is only necessary to deter- 
mine the constants from the punchings. 
The stator punching slot constant is 
determined in the usual manner as well as 
the slot constant for the rotor. Methods 
are available for the determination of the 
direct axis and quadrature axis perme- 
ances from the configuration of the rotor 
punching. 

In order to determine C, and Cx it is 
necessary to determine 1/Xq and x/Xq. 
r, is set up as follows: 


(0.88)(te)(C?)(107*) 


am ies Sp\ (23) 
slot n 
Also 
X, =(2mf)(C?)(P1)(10-*) (23) 
And since 
ve, MCN Go Ku?) 
“Ad ‘i 
Thus 
r (0,88) (tom )((L0=*) (24) 
Xd CM 
ae 16 PY afk KuX 00) \(n) 
ot 
And 
xy Dy, 
uy ve (( ww) (25) 


Xa (n)(Kw?)(Po) 

In order to determine the full load operat- 
ing point, it is necessary to decide or know 
what the full load torque angle, 6, will be. 
After 6 has been chosen, then 


1 


Cy = (6A) 
1+ —(L+jM) 
Xx d 
and 
nee l 
i nc 7 (6B) 
Fy M—jL) 
Then 
V2Cr2C.2 
shaft output = Se rotational 
“Ld 


losses (synchronous watts) from equation 7 
from which 


die *C ome ‘n'Mn 


™ shaft output + rotational losses 


and 


af 1; Xan 108) 
QWfOpKwin 
Since from equation 22 the copper slot 


loading was assumed (CM/slot) and in 
the actual design the copper slot loading 
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will be held to a value close to the original 
assumption, the actual full load point will 
fall very close to the assumed value. 

In order to design for a given maximum 
torque, it was previously pointed out that 
it is necessary to assume 6=45 degrees. 
The precedure can then be followed as 
outlined in the preceding paragraphs to 
determine X, and subsequently.C. After 
the total conductors per phase have been 
determined, the wire size can be chosen 
which will result in a slot loading as close 
as possible to the assumed value. 


Example of Design by Synthesis. Assume 
the requirements of a motor as follows: 
1/4 horsepower, 220 volts, 3 phase, 60 
cycles, 1,200 rpm. 


Maximum torque (synchronous) 181 


Synchronous full load torque 


The. following constants have been 
determined by calculation or obtained 
from similar calculations: 


Pp =19.8 

OC, =5.17 
circuits =2 Y 
coil throw 1—7 


Sp =36 

Kw =0.966 

V =127 per phase 
6=45 degrees 
u=1.05 (assumed) 
A =2.03 

Pole embrace = 50 

per cent 


Cm 
assume —— = 85,000 
slot 


I, = 8.48 


Therefore, from equation 24 


ri ___(0.88)(8.43)(1.05)(10-) 
Xa (85,000)(12)(377)(0.933)(19.8)(3) 


= 0.0364 (hot value =0.0412) 
and from Equation 25 


#1 __(5.17)(1.05) _ 
Xa (3)(0.933)(19.8) 
=0.098 


Then, from equation 6A 


1 
C=- = ~ 
*" 1+0.098(2.015+ 1.015) 
rie 
1.221 
+ =0.819 


From equation 6B 


2) 


1 
Cy = rm 
* 1+-(0.0412)(0.819)(1.015 —j2.015) 


Cr=0.98 
From equation 8 


Xg= (127N0.819)*(0.93)%(1.015)(3) 
337+36 


=76.5 ohms 
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_(76.5)(1.05)(10**) yu 
(377)(19.8)(0.933)(3) 


C=619 


The nearest turns per coil, which will 
result in a total number of series conduc- 
tors per phase, which approaches 619, will 
be 52 turns per coil. Therefore, 52 turns 
per coil will be used with a conductor size 
of number 21. The total series conductors 
per phase will be 624 and the circular mils 
of copper per slot will be 84200. } 

With the above turns per coil and wire 
size, the following constants result: 


r, =3.21 (hot) ohms 


=7.6 ohms 
Xa’ =81.3 (unsaturated) ohms 
w=1.05 
Xq=77.4 (saturated) ohms 
Thus, 
Lal 
— =0.0415 and — 
Xi an es = 0.0983 
Cr= : 
* 1+0.0983(2.015+j1.015) 
_ de 
Bei 
=0.824 
ie 1 
®*"1+(0.824)(0.0415 (1.015 —72.015) 
pee 
~ 1.0756 
Cr=0.93 


Maximum output = 
(127)2(0.824)2(0.93)2(1.015)(3) 


774 TH 


=373—36 
= 337 synchronous watts 


(112.7)(337) 


Maximum torque = 
1,200 


=31.6 ounce feet 


The tested value of maximum torque 
was 33.6 ounce feet. If it is necessary to 
design the motor for a specified torque 
angle at full load, the same procedure is 
followed as shown except that the torque 
angle 6 will be the specified value instead 
of the value of 45 degrees, as used for the 
maximum output condition. 


(B). Performance Calculation. For the 
second part of the example, a performance 
prediction will be illustrated. Assume th 
same motor as illustrated in part (A) of 
the example, 


1/, horsepower, 3 phase, 220 volts, 60 cycles, 
1,200 rpm 


As shown in the nomenclature, the 


q 


direct axis reactance used is the saturated 
value, therefore, for each performance 
point, the direct axis reactance X, will 
differ depending on the degree of satura- 
tion assumed. 

Full load constants: 


Xa= 
n=3.21 olims 


76 ohms 


%, =7.6 ohms 


assumed full load torque angle, 5=13.1 de- 
grees 
Total iron loss =37 watts 


ae 1=2.03 
ie 


Rre=1,308 ohms 

From the constants 

L=1-+4A sin? 6 
=1+2.03 sin? 13.1 
=1.105 


(SB) 


A 
ater sin? 6 (5A) 


2. 
= ec sin? 6.2 


=0.447 
Then 
Cz = d 
1+—(L+jM) 
Re 


(6A) 


1 
~1+0.1(1.105 +70.447) 


=0.9 with the angle between E and EF’ 


equal to 
x 
B,=tan-! =2.31 degrees (11) 
1 ry 
Ce= : (6B) 


"1 
1+C,—(M—-jL 
a zy WIL) 


i 
~ 1+(0.9)(0.0422)(0.447 —j1.105) 


=0.985 


with the angle between E’ and V equal to 


nC 
Xa 
Br=tan=! C = 2.37 degrees (12) 
Ng 
1 See eg 
ale Xa 
Xx 
+ u—jL (5) 
i __- 
Xa 


 _0.058+0.447 — 51.105 
test 76 
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1.22 
Y, =—— 


76 =0.01605 mhos 


with the angle between E and the line 
current equal to 


6’ =tan7! (10) 


«4 


Rre 


at. M 
=65.5 degrees 


Thus, the line current 
I, = VCr (Ge Be 


= (127)(0.985)(0.9)(1.22) 
76 


(9) 


I, =1.81 amperes 
The power factor then is 
0=6' —(Br— Br) 

= 65.5 —(2.37 —2.31) 


(13) 


=65.44 degrees 
power factor =cos 65.44 
=0.415 
The power input is 
P =(83)(127)(1.81)(0.415) (14) 
= 286 watts 


The shaft output is then 


V2Cz2Cr?M 
Output = ee 
Xa 

rotational losses (7) 


é (127)*(0.9)?(0.985)?(0.447 3) 


cig 
76 y 


= 188 watts or 0.252 horsepower 


The efficiency is 


188 
efficiency = 286 100 per cent =65.6 per cent 
(15) 


The idle conditions are determined as fol- 
lows: 


Xq@=75.2 ohms 


then 


1 
¥, +X, 


Xop= (16) 


=75+7.6 


=82.6 ohms 


27 
Ta eas = ae = 1.535 amperes 


ee S26 


Xop 


(17) 


Primary copper loss =3/@7n (18) 
=(3)(1.535)?(3.21) 


= 22.7 watts 
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Fg el 


Total idle losses = primary copper loss+ 


(F&W)-+iron loss 
= 22.7+25+37 
= 84.7 watts 
I _ total idle losses ‘G 
q 3V (19) 
ees ae 
(3)(127) 
Iq =0.222 ampere 
Thus 
Iyzi=Iq—jla =0.222 —j1.535=1.55 amperes 
(20) 


The no-load power factor angle 
I, 

@=tan-1~* 
qd 


1.535 
~ 0.222 


@=81.8 degrees 


power factor =0.143 (21) 


A comparison between the calculated 
and the tested performance values is 
shown in Table I. 


Conclusion 


As was pointed out in the first para- 
graph of this paper, a gap existed in the 
three steps of reluctance motor design. 
The intention of this paper is to provide 
a means of direct calculation of the stator 
turns and wire size based on the desired 
motor performance. This process has 
been called design by synthesis. In addi- 
tion to the ability to design directly for 
the desired performance, a performance 
method has been presented which takes 
into account the voltage drop of the sta- 
tor. This correction provides an accurate 
method for performance prediction, which 
has not been available up to the present 
time. The design method is further sup- 
plemented by an equivalent circuit, which 
is concise in form and which makes use of 


Table | 


Calculated Tested 


Full Load Performance Values 


Shaft watts output........... 188 187 
Totaliwatts inpuUtin.s cscee es 286 288 
Line current, amperes......... oes lee Sry cee 1.79 
Efficiency, per cent..........- G5UGie Saaaete 64.8 
Power factOns a e.. erelelaieialsre nicest = 0.415 .. 0.422 
No Load Performance Values 
No load current, amperes....-. 1.55 tae be 
No load watts input........-- 84.7 80 
No load power factor.....---- 0.143 vei OstaG 
Maximum torque, ounce feet, . .31.6 33.6 
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ate 


circuit parameters which are generally 
known and accepted. 
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Improved Core Form Transformer 


Winding 
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NEW type of pancake winding for 

high-voltage core form transformers 
has been developed to give this important 
line of electric equipment greatly im- 
proved surge distribution characteristics. 
This improved winding does not depend 
upon electrostatic shields or other external 
devices to accomplish this end, but by a 
simple disposition of turns the series 
capacitance is increased to such an extent 
that almost uniform distribution of surge 
voltages through the winding is achieved. 
This type of winding was originally de- 
veloped and patented in England by 
G. F. Stearn of the English Electric Com- 
pany. 
describe the winding and show the results 
of additional development and thorough 


It is the purpose of this paper to 


investigation carried on by the authors. 
By improving methods of calculating 
surge distribution, and developing meth- 
ods of winding these coils as continuous 
windings the scheme has been adapted 
to make it thoroughly practical on a com- 
mercial scale in this country. 

As is well understood, the distribution 
of surge voltage through conventional 
pancake core form windings differs greatly 
from the straight line voltage distribution 
which exists due to the application of 

‘voltages at normal operating frequencies, 
Figure 1 shows curves of voltage distribu- 
tion through a conventional pancake 
winding which must have extra insulation 
and spacing at the line ends to increase the 
insulation strength at these points since 


Paper 51-178, recommended by the AIRE Trans- 
formers Committee and approved by the Technical 
Program Committee for presentation at the AIEE 
Great Lakes District Meeting, Madison, Wis., 
May 17-19, 1951, Manuscript submitted October 
peed made available for printing March 29, 


Kk. J. GRIMMER and W, L. Tracur both are with 
Westinghouse Electric Corporation, Sharon, Pa, 


962 
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they are the places of greatest stress. A 
1.5 by 38 microsecond negative wave was 
used for these tests. The straight line 
indicates the normal operating voltage 
distribution for the transformer which is 
directly proportional to the turns. 

The lower curve indicates initial distri- 
bution of surge voltage through the wind- 
ing. It shows the instantaneous distribu- 
tion of voltage when a surge is applied to 
one end of the winding with the other end 
grounded, This distribution is entirely 
determined by the capacitance character- 
istics of the winding. There are two com- 
ponents of this capacitance. One is the 
capacitance to ground (Cg). This in- 
cludes the capacitance between the wind- 
ing under test and all other windings in 
the transformer and the capacitance be- 
tween this same winding and the tank and 
core. The other component is the series 
capacitance (Cs). This consists of the 
capacitance between turns and between 
sections of the winding. 

The expression for the curve of initial 
voltage distribution is: 

sinh aY 
=F inh a 
where 


e=the voltage from ground to any point in 
the winding 

=the surge voltage applied to the winding 

Y=the position of the point in the winding 
from ground with respect to the total 
winding 

a=the distribution constant =V/ Cg/Cg 


As the a factor is decreased in value the 
curve of initial distribution approaches 
the straight line of uniform distribution, 
see Figure 2. Any change in the design of 
the transformer which decreases the « 
factor of the winding causes more uniform 
distribution and reduces the voltage 
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stresses between parts of the winding. 

The upper curve of Figure 1 shows t 
maximum crests of voltages that 
obtained in any part of the winding due 
oscillations in the winding when surg 
are impressed on its terminals as describ 
above. The curve shows that parts of 
winding as far down as the center m 
oscillate higher than the impressed vo 
age on the line terminal. Oscillation: 
within the area between the initial anc 
maximum distribution curves cause vol 
age stresses between parts of the windin, 
and between parts of the winding and 
ground. Any factor or factors in the de- 
sign which decrease this area will reduce 
the stresses. 

The greatest part of the capacitance of 
a winding-to-ground consists of 
capacitance of that winding to o 
windings on the same leg of the core. For 
instance, the greater part of the Cg of a 
single high-voltage. winding consists ol 
the capacitance of that winding to the 
low-voltage winding on the same leg. 
This capacitance is determined by the 
circumferential area between the high- 
voltage and the low-voltage windings, 
the radial separation between them and 
the dielectric constants of the insulation 
between them. These factors are rather 
firmly fixed by the major insulation and 
clearances required by the voltage class 


’ 


IMUM CRESTS OF 
OSCILLATIONS 


PERCENT WINDING 


Figure 1. Surge voltage distribution in con. 
ventional core form transformer winding 


+ 


t 


. Figure 2. 
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Initial surge voltage distribution 
for various values of distribution constant 


of the high-voltage winding and the im- 


pedance and regulation requirements of 
the transformer. Addition of electrostatic 
shields in the high-low space may reduce 
the capacitance to ground but they neces- 
sarily introduce more insulation clearance 
between the high-voltage and low-voltage 
windings and also penalize the design 
from an impedance standpoint. The 
other capacitances from the winding to 
tank wall, the core, and other phases and 
leads all add to the capacitance to ground. 
Any attempt to decrease the a of the 
winding by decreasing its capacitance to 
ground is therefore definitely limited. 


WINDING TUBE 
SPACER 


START—START 


CONNECTION LINE 


FINISH-FINISH.___} 


CONNECTION 


Figure 3. Sectional view of conventional 


~ pancake winding showing arrangement of 
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turns. The sections are wound with a single 
conductor. The turns are numbered from the 
ts line 


hha, 


’ 


The series capacitance (Cg) of an ordi- 
nary pancake winding for core form trans- 
formers consists of the turn-to-turn ca- 
pacitance of all the series turns in the 
winding and the section-to-section capaci- 
tance of all the series sections in the wind- 
ing. Although the capacitance of one 
turn to its adjacent turns is considerable, 
all the turn-to-turn capacitances are in 
series so the resultant for a complete 
winding is very small. The capacitances 
between sections are all in series so that 
they also add up to a very small value. 
As coils are designed for higher voltages, 
or as greater insulation strength is re- 
quired for nonuniform voltage distribu- 
tion, additional turn-to-turn insulation 
and larger ducts between sections further 
reduce the series capacitance of the wind- 
ing which results in still higher stresses 
between winding parts. The total series 
capacitance of the conventional pancake 
winding is so small compared to the 
capacitance to ground that a factors 
greater than ten are common for high- 
voltage windings (above 69 kv). 

Various methods of winding coils and 
applying electrostatic shielding to them 
have been developed in an attempt to 
overcome this inherent disadvantage of 
strap wound pancake coils. Some of the 
methods employed were quite successful 
but all these devices made the assembly 
of the transformer more complicated and 
required more space and material and 
consequently increased the size and 
weight of the complete assembly. 

Transformer designs employing the 
shell form construction do not present the 
same problem because they have fewer 
coil sections in series and greater surface 
on the face of each section so that the 
capacitance to ground is small and the 
series capacitance is large.. These factors 
result in low values of a, and in long nat- 
ural periods of oscillation. 

The new method of winding core form 
pancake coils as hereinafter described 
increases the series capacitance (Cs) very 
greatly, and reduces the capacitance to 
ground (Cg) somewhat because of a bet- 
ter space factor in the new winding. Both 
these factors result in lower values of a 
and consequently in lower dielectric 
stress. The coils retain all the advantages 
of ordinary pancake windings. They are 
simple in construction and easy to wind. 
They have excellent ventilation for ther- 
mosiphon cooling. They are readily 
accessible for complete inspection of ma- 
terials and workmanship thus assuring a 
uniform quality product. They have 
great mechanical strength to withstand 
short circuit stress and can be handled 
conveniently during manufacture without 
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Figure 4. Sectional view of high series capaci- 

tance winding. The sections are wound with 

two conductors in parallel and are inter- 

connected so that turns as numbered from the 
line are placed as shown 


damage. No new manufacturing facili- 
ties, processing procedures or mainte- 
nance problems are introduced. All these 
advantages make this new winding most 
attractive to the purchaser as well as the 
manufacturer. 

Figure 3 shows a conventional pancake 
winding. Each section consists of eight 
turns in direct order, one above the other. 
The pancake sections are wound or as- 
sembled on the winding tube. Alternate 
sections are connected start-start and 
finish-finish as shown. Only a small part 
of the winding is illustrated but it is unt- 
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PERCENT WINDING 
Figure 5. Surge voltage distribution in high 


series capacitance core form transformer 
winding 
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Figure 6. Typical oscillograms of measured 
surge voltage in conventional core from wind- 
ing 
(A) Applied wave at line terminal 
(B) Voltage at midpoint of winding 


form throughout. This winding has a 
very small value of series capacitance and 
would have a surge distribution similar to 
that shown in Figure 1. 

Figure 4 shows a similar winding wound 
by the new method to increase its series 
capacitance. Because of this character 
istic it is called the high series capacitance 
winding. The increase in series capaci- 
tance is obtained by the disposition of 
turns. Turns 1, 2, 3, and 4 are in Section 
1 but they are separated from each other 
by turns 9, 10, and 11, respectively. A 
start-start connection is made between 
turn 4 in Section 1 and turn 5 in Section 2. 
Turns 5, 6, 7, and 8 are wound in Section 
2 but they are separated from each other 
by turns 13, 14, and 15. Interconnection 
is made between turns 8 of Section 2 and 


Figure 7. Traces of oscillograms showing 
voltage to ground at various points in conven- 
tional core form winding 


Applied wave at line terminal 
Voltage at 87.5 per cent of winding 
Voltage at 75 per cent of winding 
Voltage at 50 per cent of winding 
Voltage at 25 per cent of winding 
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(B) 


9 of Section 1. The start-start connection 
between turn 12 of Section 1 and_turn 13 
of Section 2 completes the circuit so that 
the conductor is continuous from turn 1 
to turn 16. The two start-start connec- 
tions are transposed. The rest of the sec- 
tions in the winding are wound the same 
way and finish-finish connections are 
made between pairs of these intercon- 
nected sections. 

The series capacitance of two of these 
sections is many times greater than the 
turn-to-turn capacitance in two of the 
The two 


high series capacitance sections are simi- 


conventional pancake sections. 


lar to two wound-type capacitors con- 
nected in parallel with a voltage between 
the electrodes equal to half the voltage 
between sections. There also is some 
capacitance between the two sections, but 
since these are connected together at the 
start-start and at the interconnection 
this capacitance is negligible. There is 
series capacitance between the sections 
which are connected finish-finish. This 
is in parallel with the turn-to-turn capaci- 
tance and adds to it; however, this also 
is a small part of the total series capaci- 
tance. 

Calculations indicate, and tests have 
verified, that the distribution of surge 
voltage throughout a pair of high series 
capacitance sections is practically the 
same as the distribution of turns. The 
potential at the interconnection between 
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two sections is midway betweéh the 
potentials of the finishes of those two 
sections. The turn-to-turn voltage there- 
fore is equal to half the voltage across the 
pair of interconnected sections, and all 
turn-to-turn insulation threughout the 
winding is approximately equally stressed. 
In the conventional winding, it has long 
been understood that the turns nearest to 
the line terminal must withstand the 
highest surge stress. For this reason 
sometimes the turn insulation near the 
line end is increased. More often the 
turn-to-turn insulation is made strong 
enough at the line end and then the same 
thickness of insulation is used throughout 
the winding. Since the surge does not 
“pile up’ on the line turns of the high 
series capacitance winding, and all turn- 
to-turn insulation is essentially uniformly 
stressed, a more economical use can be 
made of that insulation. This results in 
an improved space factor, smaller size, 
and less weight of the completed assem- 
bly. 

Figure 5 shows the voltage distribution 
curves of a high series capacitance wind- 
ing comparable in size and rating to the 
winding to which Figure 1 applies. In 
these tests 0.7 by 58 microsecond nega- 
tive waves were used. The lower curve 
for initial distribution is now much 
nearer the ideal curve for uniform distri- 
bution. The distribution of surge volt- 
ages in this winding is therefore almost 
the same as the distribution of the work- 
ing voltages at normal frequencies. The 
curve for maximum crest voltage of oscil- 
lation coincides with the curve for initial 
distribution for the first 15 per cent of the 
winding near the line end since no oscilla- 
tions are developed in that part of the 
winding. The reason for this is the close 
coupling between turns in the sections. 


Figure 8. Typical oscillograms of measured — 
surge voltage in high series capacitance core © 


form winding 


(A) Applied wave at line terminal 
(B) Voltage at midpoint of winding 
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Figure 9. Traces of oscillograms showing 
voltage to ground at various points in high 
series capacitance core form winding 


Applied wave at line terminal 
Voltage at 87.5 per cent of winding 
Voltage at 75 per cent of winding 
Voltage at 50 per cent of winding 
Voltage at 25 per cent of winding 


a be 


The curve then gradually rises slightly 
above the curve for uniform distribution 
near the grounded end of the winding. 
The oscillations in the winding are so 
small that they are of very little impor- 
tance. 

In the conventional pancake winding 
the normal dynamic turn-to-turn stress is 
only the normal volts per turn. However, 
since the line turns have to be insulated 
for nonuniform distribution of surge 
voltages, excessive margins are obtained 
from the standpoint of normal dynamic 
turn-to-turn stress. At first analysis it 
appears that since the normal dynamic 
voltage stress between turns in the high 
series capacitance winding is equal to 
volts per turn times the turns per section, 
great amounts of extra turn insulation 
would be required to withstand such 
stress. However, with the more uniform 
distribution of voltage in the high series 
capacitance winding, the surge stress be- 
tween turns is reduced so that the margins 
for surge strength and for normal dy- 
namic strength can be made more equal. 
The turn-to-turn insulation is therefore 
used to better adyantage. 

The near uniform distribution of im- 
pulse voltage in the high series capaci- 
tance winding also improves the applica- 
tion of the section-to-section insulation 
throughout the winding. The tmpulse 
voltage stress between adjacent sections 
is reduced and the stress between all sec- 
tions which are connected finish-to-finish 
is practically equal. The stress between 
the interconnected sections is only twice 
the turn-to-turn stress. The high local- 
ized stresses at the line end, which are 
common with conventional pancake wind- 
ings, are eliminated in this new winding 
and better use is made of the section-to- 
section insulation, 

Figures 6 and 7 show some of the oscil- 


115-kv conventional core form 
winding with special sections and insulation 
at line ends 


Figure 10. 


lograms of surges applied to a conven- 
tional winding. Data from these and 
similar records are plotted in the curves 
of Figure 1. Figures 8 and 9 are the oscil- 
lograms of surges applied to a high series 
capacitance winding. These supplied 
some of the data for the curves of Figure 
3. 

A conventional core form 
winding, except for special sections at the 
line ends, is shown in Figure 10. This 
picture shows the coil clamped to correct 
height before it is assembled in the core. 
The winding is comparable in size and 
rating to the one to which Figures 1, 6, 
and 7 apply and shows the general con- 
struction of 115-kv coils. 

Figure 11 shows a high series capaci- 
tance winding before it is assembled on 
the core. This also is a 115-ky coil and 
has about the same kilovolt-ampere rat- 
ing as the coil in Figure 10. The intercon- 
nection in each pair of sections, and the 
finish-finish connection between pairs of 
sections can be clearly seen. The smaller 
ducts between sections and the uniformity 
of the winding throughout the coil are 


pancake 


also apparent. 
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115-kv high series capacitance 
winding 


Figure 11. 


This high series capacitance winding 
has been proved by complete surge in- 
vestigation and complete surge tests. It 
has been successfully used in England for 
21/, years and as a result of the investiga- 
tions described in this paper has also been 
applied to commercial use in this country. 
Its development and use is a great step 
forward in the art of transformer design. 
It is progress toward the goal to make core 
form transformers immune to lightning 
failure. 
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Discussion 


J. R. Meador (General Electric Company, 
Pittsfield, Mass.); The authors have the 
following to say about core-type concentric 
disk coil windings: 
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“The coils retain all the advantages of 
ordinary pancake windings. They are 
simple in construction and easy to wind. 
They have excellent ventilation for thermo- 
siphon cooling. They are readily accessible 
for complete inspection of materials and 
workmanship thus assuring a uniform 
quality product. They have great me- 
chanical strength to withstand short cir- 
cuit stress and can be handled conveniently 
during manufacture without damage.” 

This is a very good appraisal and one 
with which we heartily agree. From the 
standpoint of impulse voltage strength there 
is another major advantage that should be 
added to the above list. In this construction 
the ends of the winding are widely sepa- 
rated and the normal voltage per unit of 
winding height is very low. If a reasonably 
good voltage distribution is obtained, there 
is no need for intricate insulation structures 
between parts of the winding. 

Two methods are available for improving 
the impulse voltage distribution in the 
winding; namely, electrostatic shielding, 
and interlacing of turns. 

Blume and Boyajian in 1919 presented a 
pioneering paper! that put the impulse 
voltage distribution problem on an engi- 
neering basis. Several years later their co- 
workers developed the nonresonating trans- 
former, which made the first large scale use 
of electrostatic shielding. About ten years 
later a greatly simplified form of shielding, 
known as cascade rib shielding, was intro- 
duced for use in the operating voltage range 
from 44 ky to 138 kv. These developments 
permitted the design of a line of core-type 
transformers provided with shielding con- 
sistent with the voltage and size of the 
transformer, having available the means for 
obtaining any desired initial impulse volt- 
age distribution. The shields do not detract 
from the basic advantages of the core-type 
concentric disk coil winding. 

Many schemes have been devised for 
improving impulse voltage distribution | 
without shielding, In general, they involve 
some unusual arrangement of the turns in 
the winding that has the effect of changing 
the relative series and ground capacitances. 
The interlaced turn winding described by 
the authors does this to a marked degree, 

Our investigations of this and other some- 
what similar winding arrangements have 
shown that improved voltage distribution 
is usually achieved at the expense of locat- 
ing nonconsecutive turns or coils adjacent 
to one another. This usually limits the 
field of application to a certain range of 
transformer proportions. For example, the 
author’s Figure 4 shows that the voltage of 

one coil section appears between all ad- 
jacent turns of the winding. A 115-ky 
delta-connected winding in a transformer 
of moderate size may have 30 turns or more 
per coil section. Thus, 30 times normal 
voltage appears not only between all ad- 
jacent turns of the interlaced winding but 
also at all connections between sections 
where conductors bend and cross to the 
next section. Also, the reduction in im- 
pulse voltage between turns must be in the 
ratio of 30:1 to maintain the same safety 
factor. Do the authors believe such a case 
comes within the application range of the 
winding arrangement they have described? 
If so, would they care to comment on why 
it is more attractive than the simple shield- 
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ing that permits the same winding space 
factor to be achieved? 
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1. ABNORMAL VOLTAGES WITHIN TRANSFORMERS, 
Louis F. Blume, A. Boyajian. AJEE# Transactions, 
volume 38, 1919, pages 577-620. 


A. Boyajian (General Electric Company, 
Pittsfield, Mass.): It is interesting that the 
authors recognize the various intrinsic 
merits of the core-type concentric trans- 
former construction, such as the superior 
electrical, mechanical, and thermal char- 
acteristics. 

Transformers generally require some 
means of controlling their impulse voltage 
distribution, and this paper features the 
Stearn type of shielding, instead of the well- 
recognized method (the Blume-Lennox type 
of shielding) used very successfully during 
the past quarter century on millions of 
transformer kilovolt-amperes, many of 
them being among those in the highest volt- 
age and largest kilovolt-ampere class. 

The curve of the voltages to ground given 
by the authors is good, but they have 
neglected the more important curve, namely, 
that of the maximum impulse-voltage 
gradients within the winding. 

We may properly ask what price has 
been paid to secure the improved voltages 
to ground by the proposed method instead 
of the usual method. Whereas in the usual 
method a shield external to the winding is 
used, in the Stearn method adjacent coils 
are interwound turn by turn, so as to 


modify each other’s capacitive voltage 
distributions. The authors admit that this 
greatly increases the dynamic voltage 


stresses of the turn-to-turn insulation, even 
though it is claimed that this is within safe 
limits. In the customary method of shield- 
ing, the normally low dynamic stresses on 
turn insulation are unaffected by the 
external shield. Just what the proposed 
interwinding of the coils does to the turn- 
insulation stress is shown in Figure 1 of 
this discussion, The successive turns of the 


winding are 1, 2, 3,... but they are not 
adjacent, Instead, we see that the adjacent 
turns are 1, 21, 2, 22,..., as a consequence 


of which the potential progresses along the 
saw-tooth curve shown, The dynamic 
voltage across the turn insulation caused 
by the interwinding is AEyw, that corre- 
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Figure 1. Stearn type interwound disk coils 
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sponding to the normal design (with externa | 
shields) is AEg, and the ratio of these 
stresses may be of the order of 20-25 to 1. 
Such intermixing of the turns of diffe 
coils, having very different dynamic po 
tials, must cause the conservative designer 
to hesitate when a safer alternative is a 
able in the customary external shield 
with a long successful experience behind it 

The authors show their old design, Fig 
10, and their new design Figure 11 fof co 
parison, and from those figures one c: 
easily see the reason for their enthusias 
But their old design is not the customary 
shielded concentric transformer used exten- 
sively during the past quarter century. In 
the latter, the windings are compact, ang 
the shields—arranged like “ribs” around 
disk coils—so simple and unobtrusive. Th 
neither intrude into the winding nor modi 
the structure and arrangement of the coils 
in any way, or interfere with the inspection 
of the coil sections. They can be removed 
easily without disturbing the windings, and 
they introduce no criss-cross voltages either 
into the dynamic or the impulse gradients. 

The proposed construction also goes con- 
trary to an important design principle 
known as the Weed principle.!. This prin- 
ciple states that a winding will be non- 
oscillating if the inductive and capacitive 
voltage distributions are alike, otherwise the 
difference will set up an oscillation unde 
conditions favorable to it, and such an oscil- 
lation may result in gradients much larger 
than the dynamic gradients. 

Now, as in the case of any other principle 
if the Weed principle is clearly recognized, it 
is sometimes permissible to make small de 
partures from it. However, the introdue- 
tion of such a drastic departure as that 
shown in Figure 1 of this discussion must 
cause some concern, Even though the unit 
tested by the authors may have had permis- 
sible gradients, the absence of an avowed 
aim to approximate the Weed principle in- 
curs in other cases the possibility of unex. 
pectedly large local oscillatory gradients 
under switching surges, even though no 
breakdown may be observed during the 
acceptance tests. 

The proposed structure is an interesting 
novelty. Pal 
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H. L. Cole (Westinghouse Electric Corpora- 
tion, Sharon, Pa.): The authors have de- 
scribed a unique method of obtaining a high 
series capacitance in a transformer winding. 
It is especially useful in high-voltage core 
form windings, which have long and narrow 
stacks of pancake coils. The authors point 
out that in transformers with shell form con- 
struction the problems of obtaining surge 
strength are different because the series 
capacitance of the winditig is inherently 
large. ‘ 

There are some applications of shell form 
windings, however, in which the use of this: 
new principle can be made to good advan- 
tage. Series transformers, used in tap 
changing under load applications, are ex- 
posed to severe impulse voltages across the 
windings when they are connected in or near 
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the line terminals of the main transformer. 
In such cases, the interleaving of the turns 
within the coils of a shell form series trans- 
former winding will greatly increase the 
series capacitance of the winding and reduce 
the concentration of voltage stresses. 

Another application of the high series 
capacitance winding for shell form trans- 
formers is,in the line end of autotransform- 
ers, where the ratio of transformation is at 
or near unity. For example, an autotrans- 
former for tying in 138-kv and 115-kv trans- 
mission lines, with taps to vary the ratio, 
presents an unusual problem of coil insula- 
tion which is greatly simplified by applica- 
tion of the high-series-capacitance principle. 

Such an application has already been 
made to windings on a commercial order. 
This is pointed out to show that the inven- 
tion is not strictly limited to windings of the 
core form although it finds its principal ap- 
plication in such transformers, but also finds 
applications on other forms of construction 
where a higher series capacitance is desired 
than is inherent in the design. 

Much development work has been done 
by the authors to make this idea feasible 
and practical to apply to transformer design 
and manufacture. They are to be con- 
gratulated for their important contribution 
to the transformer art. 


E. J. Grimmer and W. L. Teague: In their 
discussions Mr. Meador and Mr. Boyajian 
agree with our appraisal of the core form of 
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construction, This evaluation should not 
be a surprise to them, for our many years of 
experience in manufacturing both core and 
shell form transformers puts us in a position 
to know the inherent advantages and limi- 
tations of both forms of construction. 

With reference to Mr. Meador’s questions, 
the high series capacitance winding can be 
satisfactorily applied to a 115-kv delta- 
connected winding of moderate size. It was 
pointed out in the paper that the normal 
dynamic voltage stress between turns in the 
winding is equal to the volts per turn times 
the turns per section. It is a simple matter 
to insulate for such voltages. The stresses 
are definitely known. They come well 
within the range of values that have been 
successfully used between adjacent conduc- 
tors with normal insulation practices for 
years. Hence, no new insulation problems 
are involved. The high series capacitance 
winding is attractive because the improved 
voltage distribution is obtained by a simple 
disposition of turns. In the case of shielded 
windings, the shields are connected to the 
line where they are subjected to the maxi- 
mum dynamic and impulse voltages. The 
shields must be insulated for these high 
voltages from the windings, from other 
shields, and from ground. 

Referring te Mr. Boyajian’s discussion, 
the voltages at various points in the coil 
stack are plotted against time in Figure 9. 
These curves show that the maximum 
gradient is at the line end of the winding at 
near zero time. Hence, in the region of the 
winding adjacent to the line, the maximum 
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voltage between any two points is given by 
the initial voltage distribution curve. 

Mr. Boyajian has questioned the possi- 
bility of dangerous oscillations. The volt- 
age oscillograms in Figures 8 and 9 show 
that no such oscillations occur. The reason 
that the winding does not oscillate appre- 
ciably is that the fundamental principle of 
having the capacitance and inductance dis- 
tribution of the winding as a whole ap- 
proach the same value has been met. This 
is shown in Figures 5 and 9. The small 
differences due to the interleaving of the 
turns are adjusted with negligible oscilla- 
tions because with their short period these 
small increments of winding can respond to 
any practical rates of change to which they 
are subjected. One familiar with the im- 
pulse characteristics of such windings 
should certainly have no anxiety about their 
performance on switching surges where the 
rates of changesare relatively slow. 

Mr. Cole has pointed out that this new 
type of winding has many special applica- 
tions in both core and shell form transform- 
ers. In modern transformer design, it is 
often advantageous to increase the capaci- 
tance across a certain portion of a winding 
to bring the capacitance and inductance dis- 
tribution close together to avoid oscilla- 
tions. This type of winding offers oppor- 
tunity in this respect for ingenious and 
clever methods in design. Hence, the high 
series capacitance winding is much more 
than an ‘‘interesting novelty.”’ It is a valu- 
able tool for designers and represents prog- 
ress in the art of transformer design. 


~~. 


Piezoelectric Crystals as Sensing Elements 


of Pressure, Temperature, and Humidity 
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URING the past 30 years piezoelec- 
tric crystals have found increasing 
use in engineering applications. This 
class of materials has been used as fre- 
quency-stabilizing elements for transmit- 
ters and frequency standards, as electro- 
mechanical transducers in phonograph 
pickups and accelerometers, and as ele- 
ments in wave filters and supersonic delay 
lines. In these applications care fre- 
quently is exercised to prevent the crystal 
from being affected by atmospheric 
changes; in many cases hermetic or 
vacuum sealing and temperature control 
is used to insure stability of operation. 
Methods of using piezoelectric crystals 
and associated electronic circuits to detect 
and measure changes in atmospheric pres- 
sure, temperature, and humidity have 
been investigated. Sensing elements of 
this type display many desirable proper- 
ties, particularly for telemetering applica- 
tions. The output of the sensing element 
is an electrical signal in the form of a fre- 
quency or time variation which can be 
transmitted readily and measured accu- 
rately. 


Measurement of Pressure 


In the measurement of atmospheric 
pressure two different methods are con- 
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sidered. They are the effect of air pres- 
sure on the Q of a low-loss piezoelectric 
crystal and the change in frequency of a 
thin quartz oscillating plate produced by 
differential air loading. The dissipation 
method will be discussed first. 


Arr LoapInc METHOD 


Work done by the oscillating crystal 
against the surrounding atmosphere may 
be in the form of energy dissipated as 
acoustic radiation or as viscous damping 
depending upon the mode of vibration of 
this sensing element. The ratio of aver- 
age stored energy of the crystal to energy 
dissipated per cycle is a measure of the 
crystal Q, and varies with the air load 
the crystal works against. It is therefore 
necessary to employ a crystal that has a 
minimum of loss due to internal friction 
and damping action contributed by the 
supports to achieve high sensitivity to air 
loading. If it is assumed that the crystal 
frequency and the density of the sur- 


‘ 
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rounding atmosphere are such that the 
usual microscopic equations of motion of 
the viscous gas are applicable, it can be 
shown that changes in crystal Q produced 
by air loading are inversely proportional 
to air pressure for crystals vibrating in 
extension and flexure, and inversely pro- 


portional to the square root of pressure 


for shear mode elements. Experiments 
and practical considerations indicate that 
the most satisfactory type of sensing ele- 
ments for this application are high-fre- 
quency quartz crystals vibrating in the 
thickness shear mode. These crystals, 
when properly etched and polished and 
mounted by pressure clamping, may 
exhibit Q factors of one-half million or 
more in vacuum. 

Figure 1 is a block diagram of an elec- 
tronic circuit designed for pressure meas- 
uring by detecting changes in air loading 
of the sensing crystal. The sensing crys- 
tal is pulsed at regular intervals, its vibra- 
tional amplitude is allowed to decay, and 
the circuit measures a fixed ratio of decay 
amplitudes. Since the elapsed time be- 
tween any two amplitudes, a and a is 
given by the equation 
th cya log do/a (1) 

R 
where L and & are the inductance and the 
resistance of the equivalent circuit param- 
eters of the crystal, the elapsed time 
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SENSING 
CRYSTAL 


Figure 1. 
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Figure 2 (left). Reciprocal 
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also is proportional to the Q of the crystal. 

A Loran timing indicator has been used 
for measurement of elapsed time between 
a predetermined crystal amplitude ratio. 
This timing device serves the additional 
purpose of generating a 25-cycle square 
wave voltage for pulsing the sensing crys- 
tal. The pulse is supplied to the plate 
circuit of a sustaining oscillator associated 
with the pressure-sensing crystal. 

After the square wave voltage pulse has 
ended, the crystal decay current flows 
through the circuit elements in parallel 
with the crystal. These paralleling ele- 
ments consist of the input impedance of 
the vacuum tube oscillator and all 
capacities in parallel with the crystal. 
The decrement corresponding to the true 
Q of the crystal is achieved only when the 
resistance paralleling the crystal is either 
much greater or less than the reactance 
of the paralleling capacitance. 

The crystal decrement is amplified to 
approximately 100 volts in the decrement 
amplifier. The initial amplitude of the 
decrement is maintained by the action of 
the charging diode. This voltage is im- 
pressed on the grid of a cathode follower, 
and the output at the cathode closely 
follows the grid voltage. 

A matching amplifier operated at zero 
grid bias develops a direct plate voltage 
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Figure 3. Accuracy of pressure measurement 
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Figure 4 (above). 
pressure cup 
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that equals the plate voltage of the decre- 
ment amplifier when the crystal is al- 
lowed to decay completely. This voltage 
is applied to the cathode resistor of the 
cathode follower, which therefore has the 
initial value of decay voltage established 
at the cathode end and the final decay 
voltage value at the other. 

The ratio of peak voltage at the plate 
of the decrement amplifier to any point 
on the cathode resistor is not changed by 
variations in supply voltage or by changes 
in maximum amplitude of the vibrating 
crystal. The cathode of the cathode fol- 
lower therefore serves as a voltage ratio 
selector for which the elapsed time be- 
tween the selected amplitudes must be 
determined accurately. 

The function of the voltage comparator 
diode is to determine the exact time when 
the crystal amplitude has decayed to the 
predetermined ratio. When the ratio of 
decay voltages at the cathode of this diode 
becomes greater than that selected at the 
voltage ratio selector, this tube conducts 
and the steady voltage on the plate de- 
creases exponentially at this time. 

The time marker amplifier provides a 
signal with a steep leading edge to trigger 
the pulse generator accurately. The rate 
of change of voltage at the plate of the 
voltage comparator diode calculated from 
the time derivative of the decay equation 


a=Age—vyt (2) 


is about —1,800 volts per second after 
one time constant for an assumed initial 
decay voltage of 100 volts and a decay 
time of one-fiftieth of a second, the maxi- 
mum usable timing period on the indi- 
cator. The pentode amplifier has a volt- 
age gain of over 100 and, therefore, pro- 
duces a wave front with a rise time of 
approximately two-tenths of a volt per 
microsecond. 

The pulse generator is a “single shot”’ 
multivibrator circuit that produces a 
positive output pulse approximately 100 
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microseconds in duration for each crystal 
decrement, occurring at the time when the 
crystal amplitude has decayed to the 
predetermined ratio selected at the volt- 
age ratio selector. 

The time difference between this pulse 
and the end of the square wave pulse used 
to energize the sensing crystal is measured 
on the timing indicator. 

Experimental verification of the rela- 
tionship between crystal Q and pressure 
for a shear mode crystal is shown in Fig- 
ure 2, where the square root of pressure is 
plotted against the reciprocal of decay 
time of the pulsed crystal. The pressure- 
time equation therefore has the form 


=m VP+b (3) 


mand b representing the slope and ordi- 
nate axis intercept, respectively. Differ- 
entiating this equation and eliminating ¢ 


dP 2/P 


(b+mV/P)? (4) 
dt m 


It is seen that the accuracy of measure- 
ment is greatest at low pressures. The 
measuring accuracy calculated for a high 
Q BT-cut 6.4-megacycle thickness shear 
crystal is shown as a function of pressure 
in Figure 3. 

Atmospheric variations in temperature 
and humidity will produce responses in 
these pressure-sensing elements. Since 
crystal dissipation is a function of the 
density of the surrounding medium, the 
necessary corrections for these cross- 
effects follow the standard relationship 
between density, temperature, humidity, 
and pressure for air. An additional tem- 
perature cross-effect may result from 
couplings to spurious modes of vibration. 
These coupled modes change the internal 
dissipation of the crystal as a function of 
temperature. Proper dimensioning of the 
sensing crystal will minimize this second 
order effect. 


BENDING OF A CRYSTAL BY AIR PRESSURE 


The method of determining pressure by 
measuring the frequency change produced 
by the bending of a quartz plate under 
differential air loading will now be con- 
sidered. Since the addition of static 
forces to a linear dynamical system will 
not change its resonant frequency, this 
method of sensing pressure does not at 
first appear promising. A nonlinear 
elastic theory was developed during the 
course of this program that accounts for 
the frequency change that actually occurs 
when the crystal is bent, and it is shown 
that this change is proportional to the 
square of the differential pressure and to 
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the sixth power of the ratio of bending 
length to thickness. 

The sensing crystal for this application 
is used as a diaphragm over an evacuated 
cup as shown in Figure 4. An AT- or 
BT-cut plated crystal with a low tem- 
perature coefficient of frequency may be 
utilized for pressure sensing. This type 
of crystal can be clamped at its outer edge 
without appreciably affecting activity or 
other performance characteristics. Since 
the pressure sensitivity of the crystal de- 
pends upon the ratio of bending length to 
crystal thickness, it is important that this 
ratio is made as high as possible without 
breaking the crystal from the pressure 
differential. Experiments have shown 
that this ratio may be as large as 80 for 
circularly shaped quartz crystals without 
exceeding the maximum breaking strain, 
Frequency changes of 1,400 parts per mil- 
lion per atmosphere can be achieved for 
these crystals. A typical frequency-pres- 
sure characteristic of an AT-cut thickness 
shear crystal is shown in Figure 5. It is 
seen that the characteristic very closely 
approximates the pressure square law. 

The over-all accuracy of pressure meas- 
surement possible by this method will 
now be considered. There must be asso- 
ciated with the sensing crystal a negative 
resistance source, such as a vacuum tube, 
that supplies energy to the crystal to 
maintain oscillations. While the crystal 
with its high Q, and consequently steep 
reactance characteristic, primarily con- 
trols the frequency of oscillation, changes 
in reactance of other circuit components, 
or changes in voltage or tube character- 
istics, will affect the frequency of oscilla- 
tion of the sensing crystal. Temperature 
changes will produce the most serious fre- 
quency change, affecting both the crystal 
(since it necessarily has a temperature 
coefficient of frequency) and circuit com- 
ponents that change their values with 
temperature. 


Figure 6. Electronic 
pressure indicator 


Assuming that the temperature coefh- 
cient of the sensing crystal is known, and 
a stability of one part per million can be 
maintained in the oscillator circuit, it 
should be possible to determine pressure 
to an accuracy of 0.7 millibar with a crys- 
tal that changes frequency 1,400 parts per 
million per atmosphere. Under controlled 
temperature conditions where much 
greater oscillator stability is possible, a 
considerably greater pressure-measuring 
accuracy may be achieved. This is ap- 
parent from the fact that oscillator cir- 
cuits under controlled temperature con- 
ditions may show long time stabilities of 
10-8 or better. The problem of crystal 
mounting becomes important under these 
conditions, since movement of the crystal 
in the holder will affect the oscillating fre- 
quency. The pressure indicator shown in 
Figure 6 includes power supply, sensing 
crystal and associated oscillator circuit, a 
reference oscillator, and a mixer to pro- 
vide an audio frequency output for pres- 
sure indicating. 


Measurement of Temperature 


An oscillating piezoelectric crystal with 
a high temperature coefficient of fre- 
quency can be employed for temperature 


Figure 5 (left). Fre- 
quency change pro- 
duced by the bend- 
ing of a quartz crystal 
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sensing. The temperature coefficient of 
frequency of a vibrating crystal 


Ofee s, (5) 


is a function of the thermal coefficients of 
stiffness and expansion. The magnitude 
of this coefficient of frequency, therefore, 
depends upon the mode of vibration and 
the orientation of the crystallographic 
axis. For quartz the maximum value of 
the temperature coefficient of frequency 
is in the order of 1074 per degree centi- 
grade. This value is approached in Y-cut 
plates oscillating in the thickness shear 
mode. As the Y-cut crystal is rotated 
about the X axis, the temperature coeffi- 
cient decreases through zero, and it is 
possible to obtain any coefficient between 
+90 and —90 parts per million per degree 
centigrade by selection of the angle of 
cut. Crystals designated as AT- and BT- 
cuts are examples of this type of crystal 
with the angle of rotation selected to pro- 
duce a near-zero temperature coefficient. 
Since the coefficient of stiffness is not con- 
stant with temperature, the resulting 
coefficient of frequency is zero at only one 
temperature for these cuts. In general, 
the frequency-temperature characteristic 
for any crystal is not linear. 
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Coupling between the thickness shear 
mode and harmonics of lower frequency 
face shear and flexural vibrations are 
possible, since all these modes have dif- 
ferent temperature coefficients. The 
elastic constants responsible for the cou- 
plings depend upon the crystal orientation, 
and the problem of coupling becomes most 
serious for thickness shear elements 
which have the highest positive tempera- 
ture coefficients. 

Several thickness shear elements with 
temperature coefficients ranging from 
+90 to —80 parts per million per degree 
centigrade were used in tests to deter- 
mine their activity characteristics over a 
wide temperature range. Y-cut crystals, 
while having the highest temperature 
coefficient (+90 X 10~* per degree centi- 
grade), exhibited a number of frequency 
discontinuities, while crystals rotated 30 
degrees or more about the X axis showed 
satisfactory frequency spectra over the 
temperature range from —70 degrees 
centigrade to +60 degrees centigrade. 
Frequency-temperature characteristics 
for two of these crystal cuts are shown in 
Figure 7. The negative temperature 
coefficients are typical of all thickness 
shear crystals rotated more than +35 
degrees from the Y cut. While somewhat 
larger temperature coefficients could be 
attained by further rotation about the X 
axis, the coupling efficiency to the crystal 
would be reduced, and it would become 


Figure 9 (below). Front view of the electronic dew point indicator 


Figure 10 (right). 


Top view of the electronic dew point indicator 
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more difficult to stabilize the associated 
oscillator circuit. 

Thickness shear crystals rotated 
through a negative angle about the X 
axis show variations in temperature coeffi- 
cient similar to those observed for positive 
angles of rotation. These crystals have a 
higher frequency constant and a lower 
coupling efficiency for a corresponding 
temperature coefficient. 

Temperature coefficients of frequency 
of face shear quartz crystals change with 
the angle of rotation about the X axis in 
the same fashion as thickness shear ele- 
ments. Zero temperature coefficients are 
obtained for this mode at —52 and +38 
degrees, and the highest temperature 
coefficients occur at +5 and +70 degrees. 

The accuracy to which the resonant fre- 
quency of a crystal may be measured de- 
pends upon the frequency stability coeffi- 
cient of the crystal, the over-all stability 
of the circuit that sustains it in oscilla- 
tion, and the accuracy of the associated 
frequency-measuring equipment. 

Heat generated in the crystal from 
vibrational losses must be considered as a 
possible source of temperature error. 
Calculations and experiments show that 
this effect can be made insignificantly 
small by operating the sensing crystal at a 
low vibrational amplitude. 

Another source of temperature error 
arises from the effects of solar radiation. 
The temperature rise in the crystal under 
certain conditions may cause this sensing 
element to indicate a temperature that is 
above the ambient air temperature. 
Since quartz is very nearly transparent to 
radiated solar energy, and the necessary 
electrodes can be applied in the form of 
highly reflecting surfaces, this type of 
error, which is inherent in all temperature- 
sensing elements, can be made relatively 
small for quartz crystals. 


Crystal sensing elements can be made 
very thin, thus reducing thermal lag 
time. Measurements made on crystals 
0.01 centimeter in thickness showed a lag 
time of approximately five seconds in still 
air and slightly over two seconds in air 
moving at a velocity of 10 feet per second. 

Of the synthetic crystals available, 
ethylene diamine tartrate (EDT) appears 
to be the most suitable for temperature 
sensing in view of its high physical and 
chemical stability under all atmospheric 
conditions. This crystal has a low me- 
chanical dissipation, contains no water of 
crystallization, and has good long-time 
stability characteristics. When this crys- 
tal is properly orientated it may be made 
to have a temperature coefficient of 
nearly —300 parts per million per degree 
centigrade. Such a crystal with conven- 
ient dimensiens would oscillate at about 
100 kilocyeles per second, and would have 
a total frequency change of nearly 5,000 
cycles over a 150-degree temperature 
range. 

From considerations of the various 
types and cuts of crystals discussed it is 
apparent that several of them are suitable 
for temperature sensing. Oscillator cir- 
cuits similar to those used for measuring 
pressure by bending of a quartz plate may 
be used for the temperature-sensing crys- 
tals, and over-all accuracies of better than 
0.1 degree centigrade can readily be 
achieved. The sensitivity of the crystals 
used in this application exceeds 0.001 
degree centigrade. 


Measurement of Humidity 


The method of determining humidity 
with a piezoelectric crystal involves the 
deposition of moisture on its vibrating 
surfaces and the use of the resulting 
change in oscillating characteristics to 
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maintain the crystal at the dew point 
temperature. Calculations and experi- 
ment show that a moisture layer thick- 
ness of less than one micron is enough to 
change significantly the oscillating charac- 
teristics of a thin crystal in order that the 
dew point temperature, and hence hu- 
midity, can be determined. 

During the course of this research pro- 
gram considerable effort was directed 
toward the development of control cir- 
cuits that would maintain the crystal at 
the dew point temperature. Figure 8 isa 
block diagram representing this general 
type of circuit. An oscillating crystal is 
cooled by a cold source which may be dry 
ice or some other refrigerant, and when 
the dew point is reached moisture begins 
to condense on its exposed surfaces. The 
presence of moisture decreases the ampli- 
tude of oscillation of the crystal, which in 
turn produces a signal that causes the 
heat source to heat the crystal and dissi- 
pate the condensate. The source of heat 
may be a thin resistance element mounted 
close to the crystal, or it may be heat 
generated within the crystal produced by 
a high level of oscillation, or some other 
source. Actually, several types of control 
circuits have been employed successfully 
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for the purpose, but only the most promis- 
ing one will be discussed. 

A dew point indicator using induction 
heating is shown in Figures 9 and 10. 
This circuit utilizes the induction of eddy 
currents into the plated surfaces of a 
pressure-mounted sensing crystal as the 
method of maintaining the crystal at the 
dew point temperature. Since both heat- 
ing and moisture condensation take place 
on the same surface, the time lag between 
the appearance of condensate and the cor- 
responding increase in heating is small and 
stability of operation is readily achieved. 

The sensing crystal is placed on one 
end of a brass tube several inches in 
length and the other end of the tube is 
placed in a refrigerant. The induction 
coil is located above the sensing crystal. 
Sample air is passed in through one side 
of the crystal holder and out the other 
side after passing over the crystal sur- 
face. 

The sensing element is a_pressure- 
mounted rotated Y-cut crystal with a 
large temperature coefficient of frequency, 
and the dew point temperature is deter- 
mined by measurement of the crystal fre- 
quency. The sensing crystal, therefore, 
performs the functions of humidity sens- 


ing and temperature measuring, ag well as 
acting as an integral part of the tempera- 
ture control circuit. 


Conclusions 


Piezoelectric crystals used as sensors of 
atmospheric pressure, temperature, and — 
humidity display many desirable proper- 
ties. ‘ 4 

These elements can be made small 
in size and light in weight, and are re- 
sponsive to rapid changes in atmospheric 
variations. In utilizing the piezoelectric 
effect the need of a mechanical linkage to | 
convert a meteorologic change to a use- 
able output signal is eliminated. The 
output is in the form of an electrical sig- 
nal, with the intelligence represented by 
frequency or time. This type of signal 
can be indicated remotely and measured 
accurately. 

A further advantage of using elements 
of this class is the simplicity of detecting 
and measuring parameter changes. For 
example, the humidity crystal, in addition 
to collecting moisture and indicating its 
presence by a decrease in vibrational 
amplitude, serves as its own thermometer 
to indicate dew point temperature. 


No Discussion 
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Improvements in Transformer-Loss 


Compensators for Watt-hour and 
Var-hour Meters 


GEORGE B. SCHLEICHER 


MEMBER AIEE 


Synopsis: Transformer-loss compensators 
provide an economical means for metering 
the loads of utility company customers sup- 
plied at transmission voltages on the low- 
voltage side of the power transformer bank 
by compensating the watt-hour meter to 
include the transformer losses in its regis- 
tration. Improvements have been made 
in the basic compensator! by neutralizing 
the effect of the flow of meter potential cir- 
cuit current through the copper-loss com- 
pensator. This improves the performance 
of the compensator, particularly on in- 
ductive loads, and makes possible its cor- 
rect adjustment also for the higher values of 
losses incurred with var compensation. 
The burdens imposed by the compensator 
are sufficiently small to be acceptable in 
watt-hour metering practice, and for con- 
nection to the output side of standard var 
autotransformers. Under present-day con- 
ditions the use of transformer-loss com- 
pensators results not only in economies, 
but also in the conservation of critical 
materials that would be required for high- 
voltage instrument transformers on meter- 
ing installations. 


RANSFORMER-loss compensators 

connected to watt-hour meters make 
possible the measurement of energy 
and demand of high-voltage supply lines 
from the low-voltage side of the power 
transformer bank. Their use therefore 
represents an economy, primarily because 
of the lower cost of instrument trans- 
former equipment on the low-voltage side 
as related to the high-voltage side. The 
basic principles of transformer-loss com- 
pensators, and the technique of their 
application in line with watt-hour meter 
practice have been described previously.} 
At the time of that presentation, it had 
been established that the principle of the 
transformer-loss compensator could be 
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applied also to var-hour meters, but the 
performance of compensators comprising 
only the basic components was unsatis- 
factory for the higher percentages of 
copper losses incidental to var compensa- 
tion. Also, in the discussion of the 
previous paper! the need for improve- 
ment of low-power-factor performance 
of the copper-loss compensator was 
indicated. Extensive tests and analyses 
have resulted in the improvements which 
are the subject of this paper. In its 
improved form, the transformer-loss com- 
pensator is suitable for watt-hour and 
var-hour meter compensation throughout 
the range of these losses. 


Principle of Operation 


In Figure 1 the solid lines show the 
basic transformer-loss compensator and 
its connections. The iron-loss element 
(D) consists of a small potential trans- 
former whose primary is connected across 
the low-voltage output side of the power 
transformer (G). The 3-volt secondary 
of the potential transformer is connected 
across the| watt-hour meter current coil 
through an adjustable resistor, which 
serves as the iron-loss adjustment. With 
any given adjustment of the iron-loss 
resistor the current flow through the 
meter current coil is proportional to 
voltage; and within the watt-hour meter 
(A), by interaction with the potential 
coil, the torque produced is in accordance 
with the square of the voltage. 

For including the copper-loss incre- 
ment, a small current transformer has its 
primary connected in series with the 
meter current coil, and its secondary is 


connected to an adjustable resistor which 
serves as the copper-loss adjustment (C). 
The output voltage of the current trans- 
former and its resistor is added to the 
voltage applied to the meter potential 
coil. As with any given adjustment of 
the resistor the output voltage of the 
copper-loss current transformer is pro- 
portional to line current; within the meter, 
by interaction with the current coil, the 
torque produced is in accordance with the 
square of the current. 

It is apparent from Figure 1 that the 
meter-potential-coil current also passes 
through the copper-loss compensator so 
that its output voltage actually is pro- 
portional to J, + Ip, where I; is the 
line current, and Jp the potential coil 
current. Obviously this effect may be 
made negligible by making J; large in 
relation to Jp; however, this would in- 
crease the current burden beyond prac- 
tical limits in watt-hour meter practice. 
Also, since J; may vary from zero to the 
maximum, the effect would remain at 
the lighter loads. The practical solution 
was found to be the addition of currents 
whose vector components neutralize the 
potential coil current of the meter within 
the copper-loss compensator. A capacitor 
having the correct capacitance to neu- 
tralize the vars of the potential circuit 
of the meter may be connected across the 
meter potential coil; but the wide vari- 
ation in characteristics of meter potential 
coils, as shown in Table I, indicates the 
need for adjustable capacitance com- 
pensation. The high-voltage side of the 
iron-loss transformer is provided with an 
extended winding having sufficient taps 
to provide the variation in capacitor cur- 
rent required by the various types of 
meters. The rating of the capacitor is 
chosen so that its capacitance is greater 
than that required for any type of watt- 
hour meter, and the capacitor current is 
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Principle of transformer-loss com- 
Potential circuit compensation 
shown dotted 


Figure 1. 
pensator. 


A. watt-hour meter, B. transformer-loss com- 
pensator, C. copper-loss compensator, D. iroh- 
loss compensator, E. potential circuit com- 
pensation, F. metering current transformer, 
G. power transformer, H. high-voltage sup- 
ply, L. low-voltage load, T. test point—see 
text. 1. Numbered terminal designations 
refer to Figure 3 


adjusted by connecting it to a voltage 
that is less than the available maximum. 

When the capacitor has been connected 
into the circuit, and its current adjusted 
to the correct value, a small current 
remains. This is the power component 
of the meter potential coil current. By 
providing a voltage proportional to —£, 
a current displaced 180 degrees from the 
applied voltage may be passed through 
an adjustable resistor and through the 
copper-loss compensator secondary to 
neutralize the power component current 
of the meter potential coil. The capacitor 


Ic 
Tp 


! 
H 
a) 
Te 


| 
W-E 
Figure 2. Vector relations of potential 
circuit current compensation 


E line voltage, |p meter potential circuit cur- 

rent, lc capacitor current, lz power com- 

ponent of potential circuit current, —/p com- 

pensating current for Ip, —/p resultant poten- 
tial circuit compensating current 


and resistor connections are shown dotted 
in Figure 1. 

Figure 2 shows the vector relations of 
the potential-circuit compensation. £ is 
the voltage on the low-voltage side of the 
power transformer, and this voltage is 
also the voltage that would be applied to 
the potential coil of a watt-hour meter 
connected to measure the output of the 
power transformer. Jp is the current of 
the highly inductive watt-hour meter 
potential coil; 7g is the capacitor current, 
Ip is the power-component current of 
the meter potential coil, and —Jp is the 
compensating current obtained from 
voltage —E. 

With the voltage —E available, it is 
apparent that the potential circuit cur- 
rent could also be neutralized by an 
inductor of the same resistance-reactance 
characteristics as the meter potential coil. 
The vector —Jp in Figure 2 applies to 
this method. The inductor method was 
eliminated because by omitting the 
power-factor corrective effect of the 
capacitor, the resultant potential circujt 


burdens were increased beyond the 

capacity of standard var autotransform- 
HW 

ers. 


Practical Application 


POTENTIAL CIRCUIT COMPENSATION 


The characteristics of watt-hour meter 
potential coils in Table I indicate wide 
variations, particularly in the values of 
vars. The required values of capacitance 
to correct for the lagging vars of potential 
coils at the line voltage is shown in the 
last column of Table I. These values are 
based on 120-volt meters, and for 240- 
volt meters the values of capacitance 
are one-fourth of the values given. The 
required ratings in microfarads are ob- 
tained from the formula 


C=(108 Vp)/(2afE?) (1) 


where C is the required capacity in 
microfarads, V, is the vars of the meter 
potential coil, f is the frequency, and E 
is the voltage rating of the meter poten- 
tial coil. 

In the development of the practical 
transformer-loss compensator, capaci- 
tance required was reduced by applying 
to the capacitor a voltage greater than 
that applied to the meter potential coil 
for 120-volt meters; and by applying a 
voltage less than the meter potential 
coil voltage for 240-volt meters. Thus 
the autotransformer taps shown in 
Figure 1 are between the 120- and the 240- 
volt taps. The 240-volt tap serves also 
for the application of the supply voltage 
when the circuit to be measured is 240 
volts. It is thus possible to produce a 
universal compensator suitable for use 
with 120- or 240-volt meters. The 
maximum required capacitance for service 
type watt-hour meters becomes 1.5 
instead of 3.0 microfarads. By using a 
1.0-microfarad and a 0.5-microfarad ca- 
pacitor, values of 1.5, 1.0, 0.5, and 0.33 
microfarads are obtained. The latter is 
the minimum value required for 240- 
volt service meters when the capacitor is 
energized from voltages between 120 
and 240. 

Table II shows performance charac- 
teristics in the measurement of copper 


Table |. Typical Characteristics of Watt-Hour Meter Potential Coils at 115 Volts 60 Cycles, 


; loss in term: t i i 
and Values of Required Compensating Capacitors at Applied Voltage ss in terms of meter 


values of copper-losses of 1.0 per cent 
and 5.0 per cent at the meter rating. 


Make Type Pets, Watts ge Bre: The former value is typical of an adjust- 
ment for the measurement of watt losses, 
Duncanae teen eAt ici asin, MG Eee oe Be Fae e ek LP aes O78 5 anae 1.35 and the latter is typical of adjustments 
General Blectrie. ecco WEI OD aoe ig'é, that would be made for a var-hour meter. 
Lae, a eg a : ae Bern ais tf Pest treet ae es 2.29 The table includes comparative data at 
; Teen ceeds Pee Come a8 Be eer a4 power factors of 0.5 and 1.0 for the basic 
Westinghouse.............2.5. wee stresses ee hee BBS Se ai 12.45 ate eee 2.49 compensator, with capacitor compensa- 
ge i pont gts: 6:8 oi ames tion added, and with capacitor and resis- 
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Figure 3. Typical connections of 2-element 
watt-hour and var-hour meters to transformer- 
loss compensators 


A. watt-hour meter, B. transformer-loss com- 
pensators, F. meter current transformers, 
G. power transformer bank, H. high-voltage 
supply, J. test switches, K. var-hour meter, 
L. low-voltage load, M. var autotransformer. 
For internal connections of compensators, 
refer to numerical terminal designations in 
Figure 1 
(¢ 


tor compensation properly adjusted. 
The performance of the compensator 
thus is satisfactory even for the relatively 
high percentages of copper loss that are 
incidental to transformer-loss compensa- 
tion for var-hour meters. 


BURDENS 


Table III shows the burden characteris- 

tics of the transformer-loss compensator. 

It will be noted that the potential circuit 
burdens are leading, and when combined 
with the lagging vars of the meter poten- 
tial coil the resultant volt-ampere burden 
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Table Il. 


Plus Copper Loss 
Tests Made at 120 Volts with Type IB-10 Portable Standard Watt-hour Meters 


Summary of Test Results in Terms of Per Cent Deviation from Desired Values of Load 


Load Desired Per Cent Deviation 
Power Loss, Potential Circuit Compensation 
Amps Factor Per Cent None Capacitor Complete 
1,0 Per Cent Copper Loss at Meter Rating 
Pieeiienrene ares ace aoe EO) oe eae ects RE odin Ociemenere SOE ME ee usheteectewnoveve BRO iets race ctscaayetsie 0 
De Os cpitotitee cre. ore LEO\ otk a chet pale POG ort sofa OF arciatonrunaeers.s OPE teteegave. sn hates o* 
de eee or ere LO oo cat SR outers ONS O Sees s+ vs — OOD: eiey sieve sires are i's ORME sa et eae +0.05 
LR ee ee UO Crates topterne (RTS tity eee =O OGM ma reibels cudns sine SPOSOD Gc pan csee es Oe +0.05 
Piscine seu A OS ierewe cesta Biot eae a meee Pate a a1 Seah sesame Se “FSO pO Tax st cto. s oreta racic 0 
Be Oiisic ctlc cvoyeuae URGE aS aye Crt DEO Omatetcontsrare. «..«.c0e = O)sO Seta 6 fra oyialere ae Das os. s caranaseveteusis +0.06 
AN atts, Ai Pe} OeOlacten teeter ant? THOO etre ales 5 cvs Fm AOD iis: pore stinte's mans SOOO Mieysodveetatere s a0 +0.06 
OSSitaeist crotkher OAS ie cingiels erate cts OR 2 Oerevanharas bis) cn rani Bey) Ih SORANESERPRE Sher OOD i sneveeoxsrrara Ole +0.01 
5.0 Per Cent Copper Loss at Meter Rating 

(AEE SR eto VSO Aho aaltocee OO mesial evs. «a ORDO NG cis «. sta 's ss. 0% OPES cresnsnstetieee anes —0.14 
Or Ov Reais ihe us akche-« 1 ORe ate kis BOGE mistaeructs.s 6 fs Oca craton ns: ecthgaka ae CE Sos eee ain cad 8 o* 
DOES TSA a Nec ere 0 ie eine es eae DeGOreresres +e =e eahe et eins kar serZeo = SOD we vneteten-terereetece 0 
OAR rncie gs aie a AAO oetate eects Agee DoSOr amr erinte ... <> OO ale viens. ci cto eicke SOMOS! sis cso sceveiele er —0.07 
aes Drante ntae st yp sO DD aicmhedeisye rea 7 GRU Ue > eure eA Bets d aile.sialasentetere Be 2s die scteee Os +0.10 
SAU ae A 5 or GPRM ios nic Ome ROKGOR ees ils 2 S| Ge eee Salt UA Re eyo eto ao ar +0.10 
Dis O's) wiv csiovsel ae ores HIPS He MS pe Oe OO tieraaeatiat +) <. 4 SE OPO Pisnns caus “phsnsict em ok a I, Rete reenact —0.07 
DES iene stax 0, 5.ere dee sewas ECT Se ee wap fi cere oh Sais areteteiepirs ors < +0.03 


Table III. Burden Tests of Transformer-Loss Compensators with Potential Circuit Compensation 
Per Cent Iron-Loss Compensation 
at Meter Rating 
Individual Series Test Power 
Element 2-Element 3-Element Volt- Vars Factor 
Tests Meter Meter Watts Amperes * (Leading) 
Potential Circuit at 115 Volts 
On Se oe he ORAS Fee ON Bee east « MBO ieee t sive 20 Tuatha sets rae SO nin sae 0.22 
LNOLER Secocoe OFSOln sence Onsar a eee. Ves (em aelnn wens FAK erent eee == OO) Smee: 0.23 
peat veh aiid tr De case ONSS sent e FW RRA acs SOR we Poteet SOO eee yee 0.24 
BuO ae EPL. OO Nahas poext TOF Savne.e cette 5250s cy erste DANS sie -sislerencrate m= DONO, nis elerehencie 0.27 
LOOT RP. chen SOOM caer S.sotaaeee ee 6.3697 ieee 2029) porscy. ora hy eh O16 0). Wauecatacata wi 0.30 
ZOO vase sesesshens TOROON sakes teleiarars (Jay Ana te 96 /onteates ate PANE ater fe oie = OB sce le rains 0.37 
SOO ct etcracevarene NO Ove te nthe UGROOke tetra O'S lerisecc tes RON. ee eleratanats OB. one 0.45 
AO. Oi: Reapers le 20200. Os cb ssnte NBS 3ie isnt 11.65.586 .% ix PPTL fe Ate roo er ON Otcrctevare atcha 0.51 
Potential Circuit at 230 Volts 
Ox tes. Se a yee Os Riasteo cea Ol we ieee Six Qin. he 8:02 tema cia eld Aha rebate Paysgane 0.39 
LO eats satny ote ser DO wn wmeuceraits Oe Sek ete teen WO eS re ros hor yah SOZcereinreterete oy Cate arash ecwreyer sa 0.41 
IOs a araveisionste LZ0N eens RSS iar actan 3 OQ et aaa STA reeset m—dhsahranyet aaeee 0.44 
820. Suectasyens 2). OO) «hehe LUGT katawteciwss 4 (08 So cicagicton BBO siete cies mat (SCR re 0.49 
HO} Oi setters A Osta s ce insoesrnite BicdOwreihs aha ee ASQ sass ciara Saison dpcarhereret wef Bee spss ionevalis 0.54 
ZOO Sea hae 10.005 x ee. AGT he 5 ori pstoas GE GOs .<:crete QaSSE ek. thas mtt (eee SEA Rn Part 0.67 
BO) Otidiseevaieieis DONO Se treed. sty WOK OO pair excites SAG. alc cusere UE TG sis ac ayatels Sit iarevelasereun isi 0.76 
BONO Re wei ayriars PAU ACTS Parente tre US TSB pews isctatste TORS Betas 6 cunt We TD trarcaipteteveers i ie ¢ a caccieeaD 0.82 
Current Circuit at 5 Amperes 
Per Cent Copper-Loss 
Compensation at Meter 
Rating Power 
120-Volt 240-Volt Volt- Factor 
Meter Meter Watts Amperes Vars (Lagging) 
(7) Pe One calle erent rdns OP ties Yate rere OR SOc oe rice. cutee 500 tes avtiarerasnas LSI oe cacao ORE 0.80 
De Ohrecey aket | (atcSeaarecel=t = [UR ore cet ie ates FL SOQ ce oy tay Reverarsisiecs WUD sccic ss sis-sbsrevetelen OND aheeiers slaves ssa 0.91 
Osha dated = « cterete © LOE chic Seater Wb rid D sasjsa ss alters saree L560) raratonticte cre arent ORGS. ee ee-seete, ore 0.93 
3 OMe esi joteteeee TL Diss asenscsraatoussieis 11 Ay {1 Pee ncnen Get et ae RO ar asenstereetatarsi oie ORG a Steae au <vatiane 0.95 
OOo. {uieeene oats DOW hip tisyevs auemialas « DiS Oia euchae akata ayia ECR alalisas et evebe Tet ayehans OEM veiw: coscebnetieterarons 0.96 
ORO earmrrctisestaccs: stare Bs OR rGahetctorecscresiieiewe AIS GO tena aca atten crate BUNT OP atansiasaiettevevers ORD cosets teticicmiershs 0.98 
EEE One eee a eyes apna ss Waa ery OMS PCr PPO LY RS ait tates Oe UROL cane ROD CRORES UROs Sevtetacrara leita 0.98 


* Leading vars are indicated as minus (—). 


is sufficiently small to be connected to the 
output side of standard var autotrans- 
formers. Since a method is now ayail- 
able to neutralize the effect of the meter 
potential coil current through the copper- 
loss compensator, it has been possible to 
reduce the secondary current rating of the 
copper-loss transformer to 0.25 ampere, 
thus resulting also in a reduction of 
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current-circuit burdens. 

For most watt-hour meter applications, 
the potential circuit burden values that 
apply are those in the range from 0 to 
1.0 per cent iron loss. For current circuit 
burdens the usual copper-loss percentages 
are of the order of 1.0 per cent. These 
loss percentages are in terms of the meter 
rating. The higher values of losses and 
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Typical 3-element meter panel 


Figure 4. 

with transformer-loss compensator on a 

2.3/4.0-kv, 1,500-kva installation compen- 

sated to the 33-kv supply, panel cover 
removed 


burdens given in Table III apply in 
general for var-hour meter compensation. 


POLYPHASE COMPENSATORS 


The principle of the transformer-loss 
compensator has been described in the 


single-phase form. For the usual ap- 


plication to polyphase circuits two- 


element and three-element compensators 
and _ three- 


are used with two-element 


element meters respectively. In poly- 
phase compensators it is practical to add 
the entire iron-loss on one element. This 
established with 


methods, ?:2:5.68 


has been previous 
As the compensator is 
fundamentally a single-phase device, a 
change in phase sequence requires no 
change in connections. 

For customers’ installations in general, 
the loss compensation is added to the 
registration of the meter. Subtractive 
compensation may be required for appli- 


cation to tie-lines. This is accomplished 


Meter panel for transformer-loss 
compensators on a 6.6-kv installation with 
three transformer banks, compensated to the 
dual 66-kv supply 


Figure 5. 


by reversing the connections of the iron- 
loss and the copper-loss transformers 
within the compensator. 


Figure 3 shows the connections of a 
watt-hour meter and a var-hour meter 
each connected to a_transformer-loss 
compensator on the low-voltage side of a 
power transformer bank. The connection 
is for a 3-phase 3-wire circuit with 2- 
element meters; but the principle is 
equally applicable to 3-element meters 
In 
the interest of simplicity, potential trans- 
formers on the low-voltage side are not 


shown, 


by using 3-element compensators. 


Figure 4 shows a typical 3-element 
meter panel with a_ transformer-loss 
compensator for the measurement of watt- 
hours. Such an installation may be made 
for example on the 2.3/4.0-kv side of a 
33:2.3/4.0-kv transformer bank. This 
installation uses potential and current 


Table IV. Adjustment of Potential Circuit Compensation of Transformer-Loss Compensators 


with Ty 
Rating 
Make Type uf 
PURGE ccc calcm a san's.s MG <2 .05 5 
MF von .0 
General Electric... ...... V3 1.5 
DS-19 caoo 
WANKAMO< Nice ke as gin Se .HF. 0.5 
eh cie injous six ks O 
Westinghouse... 2.0.0... 058% D7 ES Se cic Co 
OB, 1 
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Capacitor Resistor 
Applied Applied 
Voltage Ohms Voltage 
162 13 GSO eG. ae com ois 120 
185 + «Ab LOO eS Sesareretete 120 
161 Rae POR i 6 Mp | 120 
tech ine 183 . 6,620. . . -120 
<oie eae et 187 « 1LO;SSRaere see 
Saecr 161 13 100 Ta ea eee 
BaP Wi ey cy 199 Rn re Ai bie i as 0) 
eA ee 163 12, 080 cc oeeniys ee 
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transformers suitable for 4.0-kv service 
instead of the more expensive /83-ky 
instrument transformer equipmént  re- 
quired for metering on the high-voltage 
side. 

Figure 5 shows a 2-element transformer- 
loss compensator installation at 6.6 kv 
3-phase 3-wire on three transformer banks 
connected to a dual 66-kv supply. Com- 
bined demand as of the high-voltage side 
is measured on the demand meter {lower 
right). 


Test Procedure 


In the application of transformer-loss 
compensators three steps are required for 
their proper calibration: 


1. Adjust the compensator to the potential 
circuit of the meter to be used with it. 


2. Adjust the copper-loss element of the 
compensator to the desired copper-loss 
percentage. 


3. Adjust the iron-loss element of the 
compensator to the desired iron-loss per- 
centage. 


The potential circuits of the com- 
pensator may be adjusted to the meter 
potential coils in several ways. A method 
suitable for laboratory use consists of 
connecting the current coil of a low- 
reading low-power-factor wattmeter at 
(T) in Figure 1. By means of a double 
throw switch the potential coil of the 
wattmeter is connected to be in phase 
with the voltage applied to the watt- 
hour meter potential coil in one position 
for the measurement of watts; and toa 
voltage displaced by ninety degrees for 
the measurement of vars. If the com- 
pensator and resistor compensation be 
disconnected, the wattmeter will then 
measure the watts and vars of the meter 
potential circuit. For adjustment of the 
capacitor compensation the wattmeter is 
connected to measure vars, and the 
capacitor tap connected to the autotrans- 
former is shifted until the var reading is 
zero. This is the permanent connection 
for the capacitor compensation. The 
wattmeter is then connected to measure 
watts, and the resistor compensation is 
adjusted until the wattmeter reading is 
again zero. This is the permanent ad- 
justment for the resistor compensation. 
It should be noted that the exact calibra- 
tion of the wattmeter is not important 
if the scale range is sufficiently large and 
the zero is adjusted correctly. 

Alternative methods consist of con- 
necting either a milliammeter or a multi- 
range voltmeter into the circuit at point 
(T) in Figure 1. With the resistor com- 
pensation disconnected, the capacitor 
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connection is made to the tap that 
results in the minimum reading; the 
resistor compensation is then adjusted 
until the reading is again a minimum. 
The exact calibration of these instru- 
ments is not important, because only 
minimum deflections are used. The volt- 
meter method is the most practical for 
field use. 

_ Adjustment of the iron-loss and the 
copper-loss resistors of the compensator 
and the loss calculations required to 
determine the setting points of the com- 
pensator have been described in detail 
in the previous paper. The funda- 
mentals are the calculation of the losses 
in per cent of load at the normal test 
points of the meter. The meter itself 
Tequires no special adjustments; it 
remains a standard commercial watt- 
hour meter adjusted in the usual way. 
The compensator is adjusted by testing 
the meter both with and without com- 
pensation. A test switch on the com- 
pensator provides for both tests. The 
copper-loss adjustment is conveniently 
made at the heavy-load test point; the 
iron-loss adjustment is made at the 
light-load test point of the meter. It 
has been established that if the potential 
balance adjustment of the compensator 
has been made properly, inductive load 
performance also will be correct. If 
inductive load tests are made, it is im- 
portant that the test power-factor agrees 
closely with the power-factor for which 
the calculated loss percentage has been 


determined, because the loss percentage 
varies inversely with the power factor. 


Conclusions 


The transformer-loss compensator pro- 
vides a companion method to high-voltage 
billing metering. Frequently the method 
will result in economies, and under the 
conditions of today it contributes to the 
conservation of critical materials required 
for high-voltage instrument transformer 
equipment. 

Metering on the high-voltage side 
remains superior for conditions that 
would involve multiple compensator 
installations in place of a single high- 
voltage metering equipment, for those 
cases where a part of the load is used or 
distributed at the supply voltage, and 
for installations where the equipment cost 
of metering on the high-voltage side is 
less than for a compensator installation. 

In many cases the use of the trans- 
former-loss compensator provides im- 
portant economies and advantages. 
Metering costs may be less for supply 
voltages as low as 13.2 kv, and greater 
economies are effected for higher supply 
voltages. Savings in space required for 
metering equipment frequently are im- 
portant in metropolitan areas, while for 
exposed locations on the systém metering 
on the low-voltage side will be less sus- 
ceptible to lightning and other disturb- 
ances. The transformer-loss compensator 
also makes possible the measurement of 


losses in those cases where calculated loss 
factors are now used, and it is of value 
also for providing measurements as of a 
remote point. Thus metering may be 
placed in a terminal substation to provide 
registration as of a remote billing point, 
such as a state line. With the inclusion 
of potential circuit current compensation 
the transformer-loss compensator is suit- 
able for use with watt-hour and var-hour 
meters throughout the range of iron and 
copper losses. 
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Power Supply Study and New Rectifier 
Installation for the United Electric 


Railways of Providence 
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Synopsis: A study of the power supply to 
the United Electric Railways was initiated 
when new construction necessitated the re- 
location of rotary converters. Replacement 
with modern equipment was considered in 
conjunction with a comprehensive study of 
the entire power supply. It was evident 
that the losses on the United Electric Rail- 
ways feeder and trolley system would be the 
controlling economic factor. A method of 
calculating the losses in this d-c supply sys- 
tem was developed, correlated with a meas- 
ured value of losses, and extended to deter- 
mine the relative merits of proposed feeder 
changes and rectifier installations. It is 
believed that this is the first published study 
that has made use of available probability 
methods for calculating losses, voltage drop, 
flicker, and capacity requirements in a 
study of the power supply for an electric 
transportation system. The rotary con- 
verters were replaced with 60-cycle recti- 
fiers at two new locations. The design 
of these substations incorporated certain 
novel features for the protection of equip- 
ment and personnel. 


HE United Electric Railways pro- 

vides transportation for over 500,000 
people in Providence and adjacent cities 
and towns in Rhode Island. The opera- 
tion of the transportation system which 
includes both electric and gas-driven 
vehicles has been described in an earlier 
paper. The present paper is concerned 
only with the power supply to the electric 
vehicles. At the time of this study there 
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were 12 trolley bus routes and five street- 
car lines using 205 busses and 93 cars. 
Since, the trolley cars have been replaced 
by trolley busses. 

The overhead trolley system was sup- 
plied at 600-volts direct current from five 
Narragansett Electric Company substa- 
tions. The map of Figure 1 shows the 
geographical location of the trolley feeders 
and the substations. Except for a 4-kv 
60-cycle rectifier installation at Elmwood, 
the others, Manchester Street, North 
Main Street, Fountain Street, and Olney- 
ville, were equipped with rotary con- 
verters supplied at 11-kv and 25-cycles 
from the Manchester Street steam station. 

An expansion program at this steam 
plant made it necessary to remove the 
four rotary converters located there. As 


Figure 1. Geograph- 
ical location of trol- 
ley feeders and sub- 
stations in the Provi- 
dence area. Solid 
triangles mark loca- 
tion of original d-c 
substations. Open 
triangles show loca- 
tion of new substa- 
tions that replace the 
Manchester Street 
Substation 
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these were about 40 years old the question 
of replacement with more modern equip- 
ment was considered in conjunction with 
a comprehensive study of the entire 
power supply. This seemed an appropri- 
ate time to determine whether to continue 
the existing 25-cycle supply or to change 
over to a more modern 60-cycle system. 

In commencing the study, it was 
evident that the d-c transmission losses 
on the United Electric Railways feeder 
and trolley system would be the control- 
ling economic factor in determining what 
kind of 60-cycle system should replace 
the 25-cycle system, if such replacement 
worked out to be justified. In order to 
establish a method of calculating the 
losses in this d-c trolley supply system and 
to be able to use this method with con- 
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Figure 2. Trolley system losses plus garage 
use versus d-c input to the United Electric 
Railways 


fidence, it was necessary to obtain a 
correlation between the calculated and 
the measured losses. With this accom- 
plished, it was possible to extend the 
computations to determine the relative 
merits of various combinations of recti- 
fier installations and feeder changes. 


Measurement of Losses on the 
United Electric Railways 


The power input to the United Electric 
Railways system was obtained from the 
25-cycle metering at the Manchester 
Street station and the 60-cycle metering 
at the Elmwood rectifier. By averaging 
the hourly requirements for the months 
of November and December 1946, the 
requirements of an average day were 
determined. 

The net input to the d-c trolley system 
was obtained by subtracting from this 
metered input the calculated 25-cycle 
transmission and transformer losses and 
the calculated losses in conversion equip- 
ment. All line ‘and machine loadings were 
taken from log sheet data. 

The power consumption of the trolley 
busses was determined from a test bus 
equipped with an ammeter, voltmeter, 
and watthour meter. During November 
and December 1946, this test bus was 
assigned to each scheduled route for one 
day, excepting Saturdays, Sundays, and 
holidays, The meters were read at each 
terminal of the route as well as at some 
point designated as the dividing line be- 
tween the congested downtown area and 
the suburban area of the city. The am- 
meter and voltmeter were read before 
and while starting. A nete was made of 
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the number of passengers, relative traffic 
conditions, whether the bus heaters were 
on or off and the time of reading. 

The power use by all the busses on one 
route was determined by multiplying 
the test vehicle consumption for each 
minute of the day by the total number of 
vehicles scheduled on that line. <A 
minute-by-minute summation gave the 
hourly power requirements of that route. 
A minor adjustment was introduced at 
this point to include the effect of a slight 
difference in power consumption of two 
different types of busses. A similar 
method of calculation was used for the 
trolley car route. 

The test vehicle power measurements 
were made over a period of two months; 
to correct these measurements to an 
average day it seemed reasonable to as- 
sume that all variations due to weather, 
traffic, passengers and bus heaters would 
be reflected in the a-c input to the system. 
The hourly test values were therefore 
multiplied by the ratio of the input for the 
average day to the input for the test day 
for each hour. 

It was observed that the power require- 
ment of the transportation system varied 
with the average daily temperature. 
During the months of November and 
December the weekday power use for 
24 hours exclusive of Saturdays and holi- 
days was 128,600 kilowatt-hours for an 
average day for this period having an 
average daily temperature of 45-degrees 
Fahrenheit. Between the range of 30 
and 60 degrees the power-temperature 
relationship was almost a linear function; 
the power use varied 2,000 kilowatt-hours 
per degree change in the average daily 
temperature, increasing with decrease of 
temperature. 


Loss Determination 
from Measurements 


The losses on the d-c system as deter- 
mined from measurements were obtained 
by subtracting the total power use of the 
trolley busses and cars from the net d-c 
power input to the trolley system at the 
United Electric Railways substations. 
This calculation was made for each hour 
of an average day. These losses which 


Table | 
Kwhr 

Input to system for normal November- 
December day. .hs a. aaa ane 128,600 
Transmission and substation losses....... 9,858 
Netinip ut ito: dcC.2 6 sister sietetrrariatciins/a) s 118,742 
Trolley bus consumption................ 60,186 
Trolley car consumption.............-... 26,991 
D-c circuit losses plus garages............ 31,565 
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also included some unmetered use of 
power at the garages were plotted against 
the d-c input to the United Electric 
Railways and beside each point was 
marked the corresponding time. The 
plot is shown in Figure 2. The 24-hour 
totals are given in Table I. 

By looking at Figure 2 it may be seen 
that most of the points fell reasonably 
close to a square-law curve. There were 
two groups that did not: (1) the values 
corresponding to the five early morning 
hours between 2:00 a.m. and 6:00 a.m, 
(2) the values corresponding to the rush 
hour periods of 7:00 and 9:00 a.m., 5:00, 
6:00 and 7:00 pm. It was readily in- 
ferred that during the early morning hours 
practically all of the input was used at the 
garages since vehicles on the road could 
account for only a small part of the total 
use. The wide divergence of the losses 
at other hours of the day was the subject 
of prolonged study. Attempts to cor- 
relate the losses with the number of pas- 
sengers carried, the bus heating use and 
general traffic conditions were not con- 
clusive. 

To explain the lower losses during the 
“rush hours,” it was hypothecated that 
at these times the busses were concen- 
trated in the downtown area, and be- 
cause of their being closer to the supply 
points and because of the better diversity 
between bus current takings, the feeder 
losses were not increased in proportion 
to the number of busses scheduled; fur- 
thermore, during the evening rush hours 
the average bus consumption was less, 
indicating more waiting time. One 
explanation of the high losses during the 
morning rush hours as compared with the 
afternoon rush hour periods might be 
that in the morning the busses go to the 
ends of the line to start their schedules, 
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Figure 3. Relative duration and magnitude of 


current due to simultaneous use of starting and 

running power for example of 10 busses. 

Simultaneous starting or running of six or more 

busses may be neglected. Unit time shown 
127 seconds 
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whereas in the evening the busses go 
3 . 
downtown, to start their runs. 


Calculation of Losses in the D-C 
Feeders and Trolley System 


The losses in the d-c feeders and trol- 
leys caused by the bus power use were 
determined for the maximum number of 
busses that would be operating during the 
peak hour. On a positive feeder map of 
the d-c supply system the 5:30 p.m. 
positions of all scheduled vehicles were 
marked. This network was simplified to 
equivalent radial networks on which the 
identity of the bus location was retained. 
The maximum number of busses on any 
one radial feeder and trolley was 19. 
The loss in each section of these radial 
networks was determined using the rms 
current equivalent to the intermittent 
takings of the number of busses drawing 
power through each section of the re- 
sistance network. 

A probability method was used to 
determine the duration of simultaneous 
use of power by busses on the same feeder. 
The procedure was adopted from an ar- 
ticle by Adler and Miller.2 The equa- 
tions used and an example are given in 
the appendix. The calculations were 
based on a cycle of bus operation that 
was assumed to average 10 seconds draw- 
ing starting current, ten seconds drawing 
running current and 40 seconds of no 
power use in each minute. Manufac- 
turers’ data indicated the starting cur- 
rent of a bus would be 300-amperes at 
600-volts while the running current 
would be one-fourth as much. The selec- 
tion of the time intervals was based on 
observation of bus operation and checked 
by comparing the calculated power use 
for the assumed cycle with measured 
values. 

These calculations were simplified by 
first considering only the starting current. 
The results of a calculation of probable 
duration of simultaneous use of starting 
current only for an example of ten busses 
on one feeder are shown by the block 
steps in the upper part of Figure 3. In 
this case simultaneous starting of more 
than five busses need not be considered 
since simultaneous starting of six busses 
would be expected to occur for one 
second out of each 520, while that of 
seven busses would occur on the average 
of one second in each hour. 

The operation of a bus on the starting, 
running or stop position are mutually 
exclusive events. Therefore, it was 
reasoned that if a bus were not taking 
starting current there would be a 4-to-1 
chance that it would not be taking any 
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current; hence, the probability curve of 
the running current requirements was 
assumed to be the inverse of the starting 
probability steps but of one-fourth the 
magnitude; it was fitted into the block 
steps of the starting current overlaps as 
shown by the placement in the lower part 
of Figure 3. The maximum number of 
busses taking running current would be 
expected to take place at a time when 
there would be none starting. 

The rms current equivalent to the 
block steps of the starting and running 
current was readily calculated in terms of 
the starting current of one bus. Similar 
calculations were made for other numbers 
of busses and the results in terms of cur- 
rent factors (k) are shown in Figure 4. 
For any given number of busses the 
equivalent rms current can be obtained 
by reading the current factor value and 
multiplying by the starting current of a 
bus. For loss calculations a plot of cur- 
rent factors squared (k?) was found to be 
convenient; when multiplied by the 
square of the bus starting current and the 
resistance of a feeder section, the power 
loss was obtained directly. The sum of 
the losses for all the positive feeder net- 
works was doubled to include the nega- 
tive feeder losses. 

The first calculations were based on a 
bus starting current of 300 amperes as 
given by the maker. A comparison of 
the calculated peak hour feeder losses 
with the measured value of the peak hour 
losses as obtained from meter readings 
showed the calculated losses 45 per cent 
high. In practice, because of voltage 
drop, the starting current was observed 
to be between 200 and 250 amperes. The 
calculated losses were made equal to the 
measured losses by changing the assumed 
value of the bus starting current from 300 
to 229 amperes. The 24-hour losses on 
the average day were 18.15 times the 
losses on the peak hour. This factor 
was used later to put the calculated 
losses on a 24-hour basis. An annual 
figure was arbitrarily assumed to be 300 
times the loss of the average day. 


Alternate Methods of Supplying 
Power to the Trolley System 


After developing a method of calculat- 
ing the losses in the d-c feeder and trolley 
systems and correlating the calculated 
values with measured losses, it was pos- 
sible to use this method to evaluate the 
relative merit of any proposed change in 
the power supply. 

Preliminary study indicated that re- 
placement of the present 25-cycle system 
of rotary converters by some type of 60- 
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Figure 4. Current factors versus number of 

busses. To obtain the rms current equivalent 

for the number of busses indicated by the 

abscissa, multiply corresponding k value by 

the starting current of one bus. For loss cal- 

culations, use k? value and square of starting 
current of one bus 


cycle rectifier installation would offer the 
most promise. The possibility of using 
comparatively small rectifiers in numerous 
places around the trolley system, tapped 
to existing 60-cycle feeders at either 4-kv 
or 1l-kv, was studied in considerable 
detail. The proposed plans were ex- 
amined to insure against the creation of 
new problems such as undesirable voltage 
flicker or telephone interference as well as 
to see if the proposal was economically 
sound. Three types of 60-cycle rectifier 
installations were investigated: 


1. Rectifiers 500 kw and smaller on the 
4-kv feeders. 

2. Special locations for rectifiers tapped 
on the 11-kv feeders. 

3. Large rectifier units in existing substa- 
tions. 


Small Rectifiers on 
4-Kv Feeders 


The location selected for the first study 
of small 60-cycle rectifiers was a high loss 
radial d-c feeder that extends about 31/2 
mniles beyond the present supply point at 
Olneyville and has an average of 10 
busses scheduled during the rush hours. 
The load was idealized in that a uniform 
distance between busses was assumed, 


Five methods of supplying power were © 


considered for purposes of.comparison of 
losses; namely, a 500-kw rectifier at the 
supply end, a single 500-kw rectifier at the 
middle, or smaller units of two 300-kw, or 
three 200-kw, or four 150-kw units, so 
spaced as to divide the line in equal 
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Table Il 


Cost of Compared with Radial Supply 
Number Annual D-C Rectifier Capitalized Net Cost 
Rectifiers Losses Kwhr Installation Loss Saving Penalty 
RAGIN SUPPLY sicfsie ec ese ee ee ZION OOO re aialscurbhst nscale $ 33,000* 
POU OWL ECE eis ais es ve nes ne Bale OOO hte s wetctaats CIRC TLS Re rae er $9), OOO eae terrae. $ 30,500 
PeSOOMowareCt. piece cae ees DAG OOO ria terrae ops cae LOSROOON cic seterice «ase US SO00. a viee ns 56,400 
2G 3 ee i hy ds) a TP4OV O00 raeas ccm cte terete 22 BOO wes wsarelore 84,700 
BOUDOMEW LEC ee ree ee ne TSOP O00 ie myeacraconrets TEGHOOOIE pie. vinerant xieas ZU DOOM aaaivaae 121,000 


*Based on the cost of 500 kw of capacity in a substation having 3,000 kw of rectifiers, at 1947 prices. 
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parts. The rectifier sizes selected were 
standard units whose total capacity came 
closest to satisfying the maximum de- 
mand anticipated. In all loss calcula- 
tions the probability method was used. 
Rectifier conversion losses were assumed 
to be 7 per cent of the load. The results 
of these calculations are shown in 
Table II. 

A comparison of these schemes shows 
that the greatest loss savings would be 
realized by using the smallest size recti- 
fiers. However, all of these plans involve 
a net cost penalty when compared with a 
system at the supply end of the feeder 
located at an existing substation. 


Investigation of 500-Kw Rectifiers 
on 4-Kv Feeders for Voltage 
Flicker and Telephone 
Interference 


The economic study of the preceding 
paragraphs pointed out the uneconomical 
nature of numerous small rectifiers. The 
one with the least net cost penalty would 
be the single large unit in the middle. 
The voltage flicker and the inductive 
interference problems were studied only 
for installations of the 500-kw size as this 
has the lowest net penalty attached to the 
small rectifiers. 


VOLTAGE FLICKER 


To estimate voltage flicker that would 
be caused by trolley bus loads on the 4-kv 
distribution system, eight possible loca- 
tions where rectifiers might logically be 
placed were examined. From the circuit 
diagram, it was possible to estimate the 
number of busses on any 4-kv feeder. 
The probability method was used as a 
guide in estimating the magnitude and 
duration of trolley bus loads that would 
‘cause voltage dips of more than one 
second duration. 

As a criterion of objectionable flicker 
2 per cent was considered just noticeable; 
3 per cent was assumed objectionable if 
recurrent (as would be the case); loads 
of less than one second duration were 
neglected. These calculations showed 
that out of eight possible locations 


: . studied, six would have been classified as 
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objectionable and two would have been 
borderline cases. 


TELEPHONE INTERFERENCE 


A rectifier is inherently a prolific har- 
monic generator. To determine the 
extent of the inductive interference prob- 
lem with rectifiers on the 4-ky distribu- 
tion system, reference was made to the 
AIEE Committee Report*® describing a 
relatively simple analysis that makes it 
possible to anticipate potential inductive 
interference problems in rectifier instal- 
lations. 

The three exposures most apt to catse 
interference are listed as Exposure A, to 
parallel, communication circuits between 
the supply point and the rectifier, caused 
by harmonic currents flowing in the sup- 
ply feeder; Exposure B, to communica- 
tion circuits that are parallel to exten- 
sions of the line that supplies the rectifier, 


caused by harmonic voltages at the recti- 
fier; Exposure C, to communication cir- 
cuits that parallel other a-c feeders radiat- 
ing from the same substation that sup- 
plied the rectifier and caused by har- 
monic voltages at the substation. 

The report presents a series of tables 
and graphs which were used as a guide in 
classifying a proposed rectifier installa- 
tion as to the likelihood of the creation of 
an interference problem. The report 
classifies an installation in three cate- 
gories: (I) very unlikely to cause im- 
portant induction problems, (II) inde- 
terminate, and (III) very likely to cause 
important inductive problems, 

For the proposed installation of a 500- 
kw rectifier on the 4-ky distribution feeder 
9,000 feet from the Olneyville Substation, 
it was determined that Exposure A would 
be in Category II, Exposure B in Cate- 
gory III, and Exposure C in Category I. 
This classification indicated that the 
Exposure A between the rectifier and the 
supply would require further study. If 
the 4-kv distribution were an open wire 
circuit with the neutral grounded only at 
the substation and if there were no 
unbalanced tapped loads in between, 
there would probably not be any inter- 
ference with the communication circuits 
in cables; with open wire communica- 
tion circuits there might be a problem. 


TO 11 KV BUS, Figure 5. Single-line wiring dia- 
gram of Dyer Street Substation 
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If the 4-kv 


distribution circuit were 
multigrounded, the exposure would have 
been classed as very likely to cause inter- 


ference with open wire communication 
circuits; if paralleled by cable circuits it 
would have been classified as indeter- 
minate. The Exposure B on the feeder 
beyond the rectifier for this proposed 
location would have been in the third 
category and would have caused trouble. 
The Exposure C on the feeders radiating 
from the supply station would have been 
in the first classification and would have 
offered no problem, 

In general, when a preliminary study 

indicates the need of a more careful 
specific analysis the presence of capacitors 
on the distribution system must be 
checked. Capacitors located relatively 
close to a rectifier, within several hundred 
yards, may be beneficial, capacitors lo- 
cated at more remote spots are usually 
detrimental. 
' It was concluded that this application 
of a 500-kw 6-phase rectifier on a 4-kyv 
distribution feeder would cause inter- 
ference on open wire telephone lines hav- 
ing exposures beyond the rectifier, 


Special Location for Rectifier on 
11-Kv Feeder—Sprague Street 


The preceding analysis showed that the 


application of small rectifiers on the 4-ky 
system was not practical. The next 
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of Dyer Street Sub- 
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Figure 7 (above). 

Typical section of 

Dyer Street Substa- 
tion 


logical step was to examine the possi- 
bility of installing a single rectifier, 
tapped on an existing 11 kv industrial or 
tie line feeder, in an area where com- 
paratively large loss savings in the d-c 
feeders and trolley system might be 
realized. A 750-kw rectifier was con- 
sidered at the Sprague Street Substation 
located about equidistant from Man- 
chester Street, Olneyville, and Elmwood. 
The need of having sufficient capacity at 
this location to be firm was obviated by 
a plan of operation that contemplated 
closing feeder ties to adjacent d-c sub- 
stations in case of failure of the unit. 

The probability method was used to 
determine the number of busses that 
could be supplied by this station, and 
feeder changes were planned to take 
maximum advantage of the closer supply. 
This installation would have resulted in 
an annual loss saving of approximately 
400,000 kilowatt-hours having a capi- 
talized value of $35,000. The extra cost 
of this installation over the same amount 
of capacity as part of a large rectifier 
substation was estimated to be about 
twice this sum. 


Special Location for Rectifier on 
11-Kv Feeder—Prairie Avenue 


A modified application of a rectifier 
supplied from an existing 11-kv 60-cycle 
feeder was the suggested use of a small 
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unit to supplement the power supply to 
an area where the d-c feeder losses were 
high. It was visualized that a 300-kw 
rectifier could be made completely auto- 
matic and installed in a sidewalk vault. 
By using a reactor in the supply to obtain 
a drooping voltage characteristic, over- 
loading of the small unit would be pre- 
vented. 

Such an installation might be located 
on the so-called Prairie Avenue feeder a 
half mile west of the Manchester Street 
Station. The calculations showed that 
the feeder losses would be approximately 
halved, thereby saving approximately 
200,000 kilowatt-hours of losses annually 
which would have a capitalized value of 
approximately $18,000. The estimated 
extra cost of such an installation over 
the same amount of capacity, as part of a 
large rectifier substation, would be ap- 
proximately twice the value of losses 
saved. 


Large Rectifiers at 
Present Substations 


The proposed installation of rectifiers 
on 1l-kv feeders at special places, while — 
not expected to cause problems of voltage 
flicker or telephone interference, would 
have a high net cost per kilowatt as com- 
pared with the proportionate cost of the 
same capacity when considered as part of 
a larger rectifier installation at an exist- 
ing substation. 

A survey of such possible locations for 
new rectifiers to replace the rotary con- 
verters at the Manchester Street Station 
showed that Dyer Street and Fields Point 
would be suitable. Since both are closer 
to the load than the Manchester Street — 
Station, an incidental loss saving of 
approximately 6,000 kilowatt-hours per 
day and a 300-kw reduction of the maxi- 
mum 15-minute demand at the peak hour 
was expected. It was ealculated that 
the minimum voltage at the ends of 
trolleys during bus starting would be 
improved for practically all feeders in the 
southeastern section of the city. The © 
feeders with the poorest voltage before 
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Figure 8. Rectifier installation at Dyer Street 


such change would be improved by about 
100 volts. In addition to these benefits, 
the new rectifiers would replace the 
oldest rotary converters and the elimina- 
tion of this equipment at the Manchester 
Street Station would make available 
necessary space. 


Rectifier Station Design at 
Dyer Street and Fields Point 


Dyer Street Substation serves the 
downtown area of the city and is normally 
operated without 600-volt d-c ties to 
other stations. As shown in Figure 5 
there are ten railway feeders leaving the 
station. The positive bus to which they 
are connected contains a sectionalizing 
switch in the middle which is normally 
operated closed and would be opened 
only in case of a bus fault or for main- 
tenance work. The arrangement of 
feeders on the bus is such that by closing 
outside tie switches the entire area served 
by the station can be carried from either 
half of the bus. The feeder positives are 
connected to the bus by semihigh-speed 
circuit breakers while the negatives are 
unswitched. 

The rectifiers are connected to the posi- 
tive bus thrdugh high speed cathode 
circuit breakers and to the negative bus 
through disconnecting switches. In addi- 
tion number 4 rectifier is equipped with 
selector disconnecting switches so that it 
may be used for light and power service 
on the 3-wire 250/500 volt d-c system. 
When used in this way the 3-wire neutral 
is established by means of a balancer set 
as shown on the wiring diagram. 

Consideration was given to use of high 
speed anode circuit breakers, but the 
additional cost did not seem justified. 
The primary sides of the rectifier trans- 
formers are connected to an 11-kv 60- 
cycle bus by means of existing circuit 


=, 


breakers located in the adjacent distri- 
bution substation. 

All equipment is fully automatic. The 
positive feeder circuit breakers are 
equipped with rate-of-rise tripping and 
load-measuring reclosing control. The 
rectifiers have load-responsive sequencing 
control. Voltage controlled light load 
resistors are provided to limit the voltage 
rise during the early morning hours when 
only one or two busses are on the line, 
and there are regenerative braking resis- 
tors to absorb any energy pumped back 
by dynamic braking equipment on the 
busses. These latter resistors have a 
combination voltage and current control. 

Figures 6 and 7 show a plan and section 
of the arrangement of equipment. Figure 
8 shows a general view of the equipment 
at Dyer Street. This arrangement was 
designed to keep all power leads as short 
as possible with a minimum number of 
crossings. Since the building already 
existed, the freedom in spacing units was 
somewhat limited. Fortunately there 
was ample headroom to allow the con- 
struction of an elevated floor for all 
equipment except the transformers. This 
provided racking space for cables as well 
as raising the equipment above possible 
flood damage. The 1938 hurricane raised 
the salt water of Narragansett Bay to an 
elevation of seven feet above the original 
floor. A repetition of this flood would 
immerse only the lower part of the trans- 
formers and the railway feeder potheads 
which are of the solder seal type. Hence, 
the equipment would be ready for service 
soon after the water had receded. 


Rectifying Equipment 


As shown, the rectifier transformers, 
which are double-Y with an interphase 
winding, were installed in vaults due to 
lack of outdoor space. Ventilation is 
provided by a fan in the top of each vault 
which operates whenever the transformer 
is energized. During the summer months 
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air is drawn from the space under the 
rectifier equipment floor and exhausted 
through roof ventilators. In the winter 
the roof ventilators are closed and the 
air recirculated to aid in heating the 
building. The vault ventilating openings 
are equipped with automatically operated 
seal-off doors to close in case of fire, 

The rectifiers are 1,000 kw 6-tank 
ignitron type and are cooled with water- 
to-air heat exchangers. Since the heat 
exchanger frames are grounded, the first 
15 feet of water pipe leaving the rectifiers 
is made of insulating material and elec- 
trolytic targets are used at the rectifier to 
take the small amount of electrolytic 
errosion. These targets consist of copper 
rod which extend from the first metallic 
pipe fitting at the rectifier into the insu- 
lating pipe. It was found by analysis 
that the resistivity of city water was high 
enough for use in the cooling system, thus 
avoiding the necessity of using distilled 
water. 


The heat exchangers, whose fans are 
controlled by water temperature, nor- 
mally exhaust air from the room through 
openings in the north wall. However, 
dampers are provided so that during the 
winter the air can be recirculated for heat- 
ing, and this is the only source of heat 
provided. 


The rectifiers are located within a 
fenced area which is entered only to make 
necessary checks, tests or adjustments. 
In order to protect personnel all grounded 
metal has been kept out of the area and 
the spacing is such that greater than an 
arm span separates the rectifiers. Hence, 
although the frame of a rectifier (which 
is at 600-volts positive potential) can be 
contacted, it is not possible to simul- 
taneously contact the negative or 
grounded side of the circuit. 

The floor of the area was given special 
treatment to avoid the possibility of 
shock. It is of concrete construction and 
all reinforcing and supporting steel was 
placed well below the surface. In addi- 
tion a */;,-inch insulating layer of sand 
and bond mixture topped by one quarter 
inch rubber tile was laid on the concrete. 
In laboratory test this bonding mixture 
and rubber tile gave a high potential 
breakdown in excess of 4,000 volts, 60- 
cycle mns at the joint between tiles, and 
also had a high insulation resistance. 


The rectifier auxiliary control equip- 
ment for the control of ignition, cooling 
water, and vacuum is mounted in a 
cabinet located four feet in front of each 
rectifier. Since this cabinet is grounded, 
a barrier sheet of insulation board was 
placed behind it to prevent anyone within 
the rectifier area from touching it. The 


983 


first two feet of each control conduit 
leaving the rectifiers is made of insulating 
material and all control wiring has 1,000- 
volt insulation. 


Switchgear 


The positive bus structure is of metal- 
clad type with drawout circuit breakers. 
The choice of this type of equipment was 
largely dictated by availability, since 
delivery promises on other types did not 
meet the construction schedule. In order 
to protect the structure, a number of 
steps were taken against possible damage 
by arcing faults. 

The rating of the four rectifiers to- 
gether is 6,700 amperes continuously, 
10,000 amperes for two hours or 20,000 
amperes for one minute. With normal 
currents of this magnitude at only 600 
volts, a small amount of fault resistance 
will so limit the current in the event of an 
insulation failure or arc-over, that over- 
current protective relays may fail to 
recognize the presence of trouble. On the 
other hand a sustained are of 1,000 am- 
peres will soon cause serious damage. 
With an a-c system, differential relaying 
could be used to provide the required 
sensitivity but on a d-c system this can- 
not be done readily. Hence, it was 
decided to install the switchgear striuc- 
ture on insulating maple sills and ground 
it only through a 20-ohm resistor. The 
maximum fault current at the bus struc- 
ture was thus reduced to 30 amperes. 
In the event of a fault, a voltage measur- 
ing relay connected across the grounding 
resistor is arranged to trip (after a time 
delay) all rectifiers supplying the bus 
and all feeder circuit breakers. The time 
delay is sufficient to allow fuses on control 
or instrument circuits to clear any mis- 
cellaneous wiring failures. 

In order to protect personnel who might 
be working around the bus structure at 
the time of a fault, the floor surrounding 
it was treated the same as that around 
the rectifiers and grounded metal was 
kept away from the immediate vicinity. 

One of the weakest spots in the insula- 
tion of a d-c structure is the ammeters 
and their connections which really form 
an extension of the main bus work. 
There have been cases on other systems 
where an ammeter insulation failure has 
started an are which resulted in serious 
damage. With fault current limited to 
30 amperes for a few seconds, this hazard 
is eliminated, but it was felt that it would 
be desirable, if possible, to avoid remoy- 
ing the entire structure from service for 
such minor trouble. Hence, low resist- 
ance 5-ampere fuses were installed in all 
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Table Ill. Frequency and Duration of Overlap of Simultaneous Starting of 10 Busses 
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ammeter leads at the point, where they doors made of insulating board. In the 
leave the ammeter shunt. Although the case of number 4 rectifier which may be 
fuses chosen were found to have quite connected either to the 600-volt railway 
uniform resistance it was felt that some system with negative grounded, or the 
type of adjustment should be available to 250/500 volt 3-wire power system with 
maintain instrument calibration. This neutral grounded, the calibration of the 
was accomplished by using shunts of a frame ground relay and the red lamp 
higher millivolt drop than the ammeters series resistor, are automatically changed, 
and installing adjustable calibrating re- | when going from one system to the other, 
sistors. In order to avoid fuse clip by means of auxiliary contacts on the 
resistance, fuses were obtained with positive selector disconnecting switch. 
bolted connections. The negative bus structure was de- 

Another fusing problem arose in the signed to contain disconnect switching 
protection of the light load and regenera- and at present switches are installed only 
tion braking resistors, which together for the four rectifiers, the outgoing feeders 
with their control devices are mounted on __ being tied solidly to the bus. If, in the 
a wall panel. These devices require 30- future, the trolley system should be 


and 200-ampere fuses respectively and, 
since connection to them comes directly 
from the negative and positive busses, the 
fuses must be able to interrupt the maxi- 
mum bus fault of 75,000 amperes. Such 
fuses were not in production at the time 
but were under development; and labora- 
tory models, which were later replaced 
with production units, were obtained 
from the manufacturer. 

Each high-speed cathode circuit breaker 
and its bus disconnecting switch are 
mounted in front of the corresponding 
rectifier in a steel frame located on insu- 
lating maple sills. The frame is then 
grounded by a relay in parallel with a 
large red lamp which is mounted at the 
top of the frame. If the circuit breaker 
insulation should fail and thus energize 
the frame, the relay would trip the recti- 
fier 11 kv a-c supply and the cathode 
circuit breakers. If the insulation failure 
is on the rectifier side of the circuit 
breaker this operation will de-energize 
the frame. If the failure is on the bus 
side of the circuit breaker the frame will 
remain energized until the bus side dis- 
connect is opened. In the meantime the 
red light will be lighted to warn that the 
frame is alive. As a further safeguard to 
personnel the frame and circuit breaker 
are totally enclosed on all sides with 


operated ungrounded, disconnect switches 
for the negative side of each feeder would 
also be installed. The structure frame 
was solidly grounded on the basis that 
with the negative grounded as at present, 
no fault can occur. If the system should 
be operated ungrounded, an insulation 
fault in this structure would be serious 
only if there were a simultaneous positive 
fault within the station. This would be 
a very unlikely coincidence. 

Control of the rectifiers is accomplished 
from the master control panel which 
contains the instruments, control switches 
and relays, annunciators, and alarms for 
all four rectifiers. The sequence in 
which the rectifiers respond to load 
changes can be varied in order to equalize — 
the hours of service between them and 
in addition the selective equipment is 
arranged to pass over any units which are — 
unavailable for service. This results in 
a total of some 240 operating setups — 
which the relays must recognize. In 
addition, any unit may be taken out of 
the automatic sequence and controlled — 
manually. The load responsive control — 
is set to keep the equipment operating as | 
near maximum efficiency as _ possible 
which is between half and full load. 
Hence, an additional rectifier is brought — 
into operation when the ica® on the ma- 
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chines in service reaches normal rating 
and a machine is dropped off when the 
load per machine decreases to 40 per cent. 
The equipment may be operated to shut 
down at night (after load has gone off) 
and start again in the morning, but since 
the Dyer Street area is normally iso- 
lated from the rest of the system, the 
control is set up to leave one unit on at 
all times. The annunciator system pro- 
vides a‘record of abnormal operations 
that occur as well as initiating an alarm 
in the event that any unit is locked out. 
The control system was designed by the 
rectifier manufacturer. 

The installation of the two 1,000-kw 
rectifiers at the Fields Point Substation 
was similar in general design features, to 
the Dyer Street Station. The rectifiers 
are of the excitron type. As there are 
only two rectifiers semihigh-speed cathode 
circuit breakers were used and the load 
responsive sequencing control is con- 
siderably less complicated. 

Both stations now have been in service 
a little over two years and, aside from 
initial shake-down troubles, operation 
has been very satisfactory. The arc- 
back rate, so far, has been less than one 
per machine for the 2-year period and 
interruptions due to other causes have 
been few. 

When the stations were first put into 
service, tinexpected telephone interfer- 
ence was experienced; this was found to 
be due to capacitance coupling to ground 
through the capacitor-type lightning ar- 
testers used on the d-c feeders. The 
trouble was eliminated by the installation 


of an 0.007-inch gap in series with each 
lightning arrester. 


Summary 


1. A method was developed for calcu- 
lating losses in the d-c feeder and trolley 
system of an electric transportation 
company. 

2. This method was applied to an in- 
vestigation of a power supply to the 
United Electric Railways of Providence 
where it was necessary to relocate a sub- 
station having 40-year old rotary con- 
verters. 

3. It was determined that this rotary 
equipment could be most economically 
replaced by 1,000-kw rectifiers at two 
existing substations. 


Appendix 


Where the average rate of occurrence of 
an event is known, the probability of simul- 
taneous occurrence of multifold events can 
be determined by the binomial law. The 
probability of 7, out of » events occurring 
simultaneously is given by equation 1. 
When this expression is used to determine 
the probability of simultaneous starting of a 
given y number of busses out of a total 
number n, all of which have an equal starting 
cycle, the special case developed in the 
second reference can be applied. 

The average duration of overlap of 7 
simultaneous events in terms of unit time 
T is given by equation 2. 

The average intervals between the over- 
laps calculated by the second equation are 
given by equation 3, and the reciprocal of 
this last gives the frequency of such over- 
laps, see equation 4. 
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where 


P,=fraction of unit time occupied by r 
events 

n=total number of busses 

r =number of busses starting simultaneously. 
Values 1, 2, 3, —n were substituted 
ia successive calculations 

t=duration of starting (10 seconds) 

T =unit time (60 seconds) 

p=average rate of occurrence of starting 


p=t/T 


t;=average duration of overlap 

T; =average..time between simultaneous 
events 

fr=frequency of overlap 


The preceding equations were applied to 
determine the frequency and duration of 
simultaneous starting that might be ex- 
pected with 10 busses on one feeder. With 
this number of busses r was given values 
one through ten and the equation solved to 
obtain the values given in Table ITI. 
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Discussion 


G. M. Woods (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
city transit industry is peculiar in that its 
use of electricity has decreased 14 per cent 
in the last ten years. This decrease is due 
largely to the greatly increased use of motor 
buses. While the percentage increase in 
number.of trolley coaches is high, the actual 
number falls far behind the number of sur- 
face cars retired. Generally the investment 
required for overhead lines and new sub- 
stations, when they are required, is a power- 
ful deterrent to an industry in almast con- 


1951, Vorumn 70 


tinuous financial difficulty. This is true in 
spite of the more favorable economic results 
of trolley coach operation compared with 
motor bus operation. The installation in 
Providence shows that this particular power 
company has faith in the future of electric- 
ity in the city transit business and is will- 
ing to back that faith with additional invest- 
ment. This paper is very timely because a 
number of transit operators are now faced 
with the same problem. The questions of 
number and size of units per substation are 
continually arising with the first tendency 
generally to use a large number of small 
single unit stations. In this case the largest 
size of rectifier considered proved to have 
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the lowest net cost. 

The description of the method of analysis 
and the description of the installation are 
most valuable. The paper illustrates that 
generalizations cannot take the place of a 
detailed study of existing conditions for 
each application. 


W. C. Whitman and F. F, Schaller: The 
discussion by G. M. Woods highlights some 
of the major problems which arise in the 
city transit industry with respect to expendi- 
tures for electrification. The authors appre- 
ciate his comments as well as the interest 
shown by others in the field. 


_Results of a Questionnaire Covering 


Current Practices in Electrical Tests 


on Dielectrics in the Field 


AIEE COMMITTEE REPORT 


HE activities of this Subcommittee, 

established by its parent committee 
in 1940, are described in its scope as fol- 
lows: ‘‘to investigate and evaluate the 
dominant features of instruments and 
techniques suitable for testing the elec- 
trical insulation of power apparatus in the 
field, to sponsor technical publications 
and to suggest standard procedures for 
testing in the field.” 

As one step towards these objectives, 
the subcommittee recently sent a 
questionnaire to the electrical power 
industry in United States and Canada. 
The questionnaire consisted of four ques- 
tions which, in the interests of brevity, 
are summarized as follows: 


QUESTION | 


Do you make electrical tests on dielectrics 
in the field? 


QUESTION 2 


What types of a-c insulation tests do 
you make tn the field? 

The question consisted of 12 tabular 
forms, one for each of the common types 
of power apparatus (see Table II for list), 


Paper 51-186, recommended by the AIEE Instru- 
ments and Measurements Committee and ap- 
proved by the Technical Program Committee for 
presentation at the AIEE Summer General Meet- 
ing, Toronto, Ont,, Canada, June 25-29, 1951, 
Manuscript submitted March 16, 1951; made avail- 
able for printing April 23, 1951, 


Personnel of the AIEE Subcommittee on Electrical 
Tests on Dielectrics in the Field: F, C, Doble, 
Chairman, W,. G. Amey, D. L. Brown, A, L, 
Brownlee, E. B. Curdts, C. L. Dawes, W. F. 
Dunkle, I, G. Easton, W. N, Eddy, J. G. Ford, 
I, W. Gross, E. S. Lee, W. N. Lindblad, H. C. 
Marcroft, G. M, L. Sommerman, FE. R, Thomas, 
L, Wetherill, 
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Each form listed the four common types 
of a-c field tests; dielectric loss and 
power factor, voltage withstand, voltage 
distribution, and corona detection; and 
asked for such data as test voltage and 
frequency, time of voltage application 
and electrical characteristics measured, 
for the tests used. Other spaces in the 
forms asked for an evaluation of the 
test results, an estimate of the number of 
tests and the reasons for which the tests 
were made. 


QUESTION 3 


What types of d-c insulation tests do 
you make in the field? 

The third question was the same as 
the second but listed the four types of d-c 
field tests; insulation resistance, dielec- 
tric absorption, voltage withstand and 
corona detection; and asked for data 
similar to that in Question 2 


QUESTION 4 


The fourth question asked for informa- 
tion on any other field tests not covered 
by Questions 2 and 3. 


Summary of Returns. The question- 
naire was sent to 183 utilities and service 
companies representing 241 operating 
systems in the United States and Canada 
whose combined generating capacity 
totalled over 65,000,000 kw. (Figures 
are based on the 1950 McGraw Central 
Station Directory.)! Replies were re- 
ceived from 117 companies covering 129 
of the 183 utilities and representing 186 
operating systems with a total generating 
capacity of about 52,000,000 kw, or 80 
per cent of the total canvassed. The 54. 
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systems which did not reply represent 
13,399,906-kw capacity. 

The replies received were distributed 
fairly broadly and evenly so that the 
data were secured from a large and very 
representative cross section of the power 
industry. The number of systems con- : 
tacted, classified by generating capacity 
and geographical location is shown in 
Table I. 


Discussion of Individual Questions 


QUESTION 1 


“Do you make electrical tests on dielec- 
trics in the field?” was answered ‘‘Yes’’ by 
169 systems; ‘‘No” by 13; “Not in 
manner described’? by two; and ‘‘Pro- 
gram not sufficiently developed to an- 
swer’’ by two. 

Of the 169 systems doing field testing, 
two limit their programs to tests on insu- 
lating oil only, four to d-c tests and two 
to a-c tests on rotating machinery, one to 
tests on oil and rotating machinery, and 
three to the latter plus d-c tests on power | 
transformers. The balance of 157 sys- 
tems have programs of field testing 
which are summarized in Table II. This 
table lists the different types of test 
methods reported in the replies tabulated 
against the 12 common types of power 
apparatus and shows the number of 
power systems utilizing each type of 
test for each type of apparatus. A large 
number of power systems employ both 
a-c and d-c tests in various combinations, _ 

Thirteen systems use a-c tests only, 
nine use d-c tests alone, (of which four 
test rotating machinery only) and 73 use 
only a-c tests for the insulation of appa- 
ratus other than cables and rotating ma- 
chinery. The total number of systems _ 
using each type of test and the number 
of apparatus types to which they apply © 
them are shown in Table III. It should 
be noted that of the 129 systems shown 
as using the a-c voltage withstand test, | 
112 use it on insulating-oil, 69 of which > 
use it for this purpose alone. 


QUESTIONS 2 AND 3 


The replies to Questions 2 and 3 have 
been summarized in Table IV. Thigg 
, ¢ 

ATEE TRANSACTIONS 
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Table |. Power Systems Contacted, Classified by AIEE Districts Geographically and by 
Generating Capacity 
Reporting 
Number of Power Systems in AIEE District Number 
Generating — 
Capacity 2&3 8&9 
kw in 1 Mid-East 4 5 &6 V/ Pacific 10 
Thousands Northeastern & N.Y. Southern Midwest Southwest & N. W Canada 
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PO00=tpe. ss. .e. Giese oes%e Btacott ted te PETG TE NNO DR ee tan silaiistars Beare ratavoye) « 2 1 
BOni ito canoe sarees Ae ioscan ate AG a i grsatate i.e. UG iateiate ap hee 14 .13 
Not Reporting 
(Os Wa ary a! Stace) ore aD reteveierdtaie're 3 teers. SiC gAR 2 is Peon atc is cesne, mucin ree 2 
HERG yey bi5/sie.r Oa tars Te ea Danek Seietstate Drala eh eve ABE eID Hoe Dy otra Fs avbtie, dnaitcaiy th «(ott eh Stee 2 
OS Se Cinyoer eon Dfisecyovs “arena. LS Shs i POeRe Oy steer tha ee Aa Nave ies 2 
500-999......... Lathe eeteve ae Dah scarab ayer? 1 
PRED eCL NS EMMETT C1001. 4 bos a fone oc oye als aicaianatern ea sie avalos @ odes PANNE ce Ponce MRR ciictats o sratovcuare ateua arctan? 1 
MR at Cie ricalels Serene sacs iS evavaia tien ore Whee cm eles @ Lea bac rae EA OROmceaor 5 
Table Il. Number of Power Systems Using Test Methods Listed on Insulation of Apparatus 


Shown 


Type of Apparatus Insulation Under Test 


Boe gies tine 
Test Method—A-C 6 88 +6 aS 
7 q w 
F 2 we Boos 5 o a) wy hy wo 
Test Electrical Ss wy 8 BSias 83 dues a8 28 
Test Frequency Character- 3 oI $ 58% fe 3a ag su 8 83 KH re 3 
Voltage in Cycles istics ga 4 € Ba ey BNE L EUS ae uga S Pac 26 
Ky perSecond Measured* 3.9 @ & Ae An ge 34 89666 5 eek om 
Number of Power Systems 
BO atin ayas UU A IRIE DO Wiss hc DEO OO NOS LE on COD Onan Clan ceo 40...22...90 
iL Oimetsy coxnertes 60 ae Diarra Leer ataove Urs rtebaes ter ckastaies clare tice ain 8 ore feachere 1 
ERS rca in-a 4 63.5 (OR CAD BN A ens Fie 3 
Gees rte 2 Des SS eae OS Diets 6 oteiae 7 fs noGinho Sime eirae eSIo Dh ora ete et eras Mess GINO feilh acai e big fae eits 5 
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BO Was ein. GEE aeu oie. SLs te alana raters misierelvteleistatsy nich ae elaxcely i 
CHEMO WICHBEGMO 10. cece cee es Moret amkoer cur ee ke. On eh heron Braces. dkis. 9 
Voltage distribution................ rare G sierk fort, 62, ache ay overs fee ie onere Le Sear eis temas as si 1 
MSOLOPR I GELECEION 1. ee ce enee Dye me tote. Dieses rece 1 Toe che dstemete hale pilose bce 9 1 
Test Method D-C 
Insulation resistance................ Mercutio Oven LO sth OS sale Div ah lara @ drei sO Le ako 
MIPIPCCRICUMUBOLDEION 60. w st cet nceene earned aie rel cabinte wp Oapeoa acceso: stan gue nak astestaieals 250m 
Voltage withstand.................. De Ue See a bias: TA ois ie ato vickaCewars Troha cuosyeras D2)... 620 
ST Soo ot 9 ariel Fiat ch sp (ciaw: veev ayaa wie erg os e°e pao atte ¥.muyaiere @'aateuae Biaiclre.eue s winielece 7 
*] & W=current and watts. C & DF =capacitance and dissipation factor. 
Table Ill. Applicability of Various Test Methods 
Cumulative Number of Apparatus Types 
Test Method Total No. of Tested by No. of Systems* 
A-C (" Systems Using 1 2 3 4 5 6 7 8 oF 10) AL 12 
T 
ey BO cycle I & W....6. 0. cca OD ten ssau re Raters 99..99..98. .98. .94..86..80..54..33..21.. 1 
ioimey GO cycle C & DF............. Dire aby ap apace td he palaces > Hi 
10 kv 63.5 cycle C& DF........... Bo tae 3 
HOY. 70 evele C & DF. oc. cases C gitkn mieeaee Twig? dike Eee Jalon seer o 
2.5 kv 60 cycle I & W.............. LORS Si eA 39. :38. .29..25..24..23..22.. 3 1 
80-110 v 60 cycle C& DF........... Wi lincssat rancor I hor atti aed 
BOmiud ercle|C & DF...........05% Disc sin lagen bah) sae | 
Wolthge'withstand..........-....5: DO aimee tas 120 OO ROS 10. 10. Cyo54., 205. Dl 
Voltage distribution............... OSiny ule awacte 63,. 3 
m Corona detection.................. MS). oe ie xian Wie cis ine ir Gee 
Test Method 
D-C 
_ Insulation resistance............... 134. ciece ts 5a 134 770905500..43..25,.15..12.. 6.5 3.. 2 
Dielectric absorption............... +. PRR ene WOnae. AG 96 
Voltage withstand................. CO sion cutae 60, .40. .25 
Corona detection.................. Tangier’ 7 


_ *Column number headings do not correlate with Table 


For example: Under ‘5’ the 10 in line 8 


means that 10 companies tested at least five of the types of. apparatus insulation listed in Table II by the 


vy A-C Voltage Withstand method. 


I & W=current and watts. C & DF =capacitance 
; 
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table consists of 12 sections, one for each 
type of power apparatus. In each section 
are shown the various types of tests re- 
ported to be in use on that type of appa- 
ratus; the number of repliers using each 
test method; the range of manufacturer’s 
voltage ratings of apparatus to which the 
tests are applied; the total of estimated 
number of tests made by each method 
classified as ‘‘“Good”’, ‘‘Fair’’, ‘‘Poor’’, or 
“No Rating’’ according to the evaluation 
of each test method by each power sys- 
tem reporting; and the reasons for which 
the tests were made. 

It should be noted that the classifica- 
tion of test results refers only to the rating 
of the test method by each user and not 
to the physical condition of the test speci~ 
men. 

Thus the number of tests appearing 
in the “Good” column indicates the ex- 
tent to which a test method was con- 
sidered successful in detecting good, 
deteriorated, or bad insulation; it does 
not show the number of good or defective 
insulations found by that test method. 

A noteworthy result was the lack of 
variation in test method with change in 
voltage rating of the test specimen. 
Although space was provided to show 
such change in method with change in 
voltage rating on the questionnaire, no. 
significant variations were reported. 
While test voltages varied with the insula-. 
tion voltage rating for some d-c insula- 
tion resistance tests and all voltage with- 
stands tests, there was-not enough una- 
nimity of practice to permit tabulation 
of these data. 


QUESTION 4 


This question asked for data on field 
tests other than those covered by previous 
questions. 

In replying to this question a few 
companies listed nonelectrical tests on 
insulation and tests on materials other 
than insulation. Since these were outside 
the scope of the questionnaire they are 
not included in the summary. Answers 
which omitted significant information 
such as types of insulation tested or 
method used are also not included. Only 
two companies reported the number of 
tests and their value. 


Low-Voltage Cable—600 Volts and Be- 
low 

Ten companies use d-c insulation re- 
sistance on this type of insulation and 
three companies use withstand tests of 
1,000 to 1,100 volts alternating current 
for one minute. 

Two companies reported the use of a 
continuous ground indicating device. 
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IXW—-Current and Watts, C&DF—Capacitance and Dissipation Packs 
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Switch Sticks and Hot Line Tools 


Two companies use dielectric loss meas- 
urements with watts and current meas- 
ured at 10 kv, a-c, 60 cycles. One of 
these reported 70-80 tests per year. An- 
other company uses 2,500-volt insulation 
resistance at one minute. 
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Summary of Results 


The results of the questionnaire may 
be briefly summarized as follows: 


1. Field testing of high-voltage electrical 
insulation is done by more than 85 per cent 
of the reporting power systems. 


2. The a-c dielectric loss and power factor 
test is the most widely accepted test method, 
139 systems using equipment operating at 
2.5 to 10 kv, 60 cycles, and 29 systems using 
equipment of lower voltages or different 
frequencies. 


3. This a-c test method is used by most 
power systems on most types of insulation. 


4. There is little difference in test methods 
because of variation of voltage ratings of 
apparatus under test. 


5. D-c insulation resistance tests are used 
by most power systems in evaluating cable 
and rotating machinery insulation. 


6. Voltage withstand tests, both alter- 
nating and direct current appear to be used 
primarily for acceptance tests on apparatus. 
Considerable variation in practice as to 
test voltages and times of application is 
found. 


7. A-c voltage distribution tests are limited 
to line insulators and bushings. 

8. Corona detection tests, either alter- 
nating or direct current, are used on very 
few systems. 


9. Dielectric absorption tests are mainly 
limited to cable, rotating machinery and 
transformer insulation. 


10. Very few field test methods were re- 


a. 
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ported other than those listed in Questions 
2 and 3. 


Conclusion 


In closing, the members of the Sub- 
committee wish to express their apprecia- 
tion for the generous response to the 
questionnaire. Space limitations made it 
impossible to include all of the informa- 
tion in the replies and made it necessary 
to omit from the tabulations any test 
method not used by more than one com- 
pany. Neverthe’ess it is felt that these 
data will be valuable in the future activi- 
ties of the Subcommittee and their inclu- 
sion in the replies is appreciated, even if 
they do not appear in this report. 
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Signal and Supervision Systems Used on 


Carrier Current Communications Circuits 


ROBERT LYON MAYER 


ASSOCIATE AIEE 


HE past few years have shown us a 

tremendous growth in the use of car- 
rier-current equipment, to solve a multi- 
tude of problems encountered in the oper- 
ation, construction, and control of power 
utility equipment. 

In many cases the increased use of car- 
rier-current equipment has come about as 
an economic expedient, with an eye to- 
ward more complete utilization of existing 
plant facilities as well as increasing the 
ease and efficiency of supervising, operat- 
ing, and maintaining the modern network 
of transmission lines, plants, and equip- 
ment that make up a complete power sys- 
tem. 

In a power system incorporating over 
70 electric generating plants, 20 or more 
gas compressor stations, and the attend- 
ant network of transmission lines, con- 
sisting of electric conductors, and gas and 
water pipe-lines, covering in area some 
two-thirds of the State of California, it is 
of some importance to utilize not only the 
voice communications and telemetering 
advantages of carrier-current systems, 
but also to give some thought to the su- 
pervisory methods that will most effi- 
ciently furnish the greatest factor of utili- 
zation of these communication channels. 

The carrier-current communication sys- 
tem used by the Pacific Gas and Electric 
Company makes use of special types of 
supervisory, ringing, and signaling com- 
binations. The network is made up of 
two general types of carrier-current trans- 
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mission mediums; namely the power-line 
carriers, consisting of telephone transmis- 
sion channels, alarm and supervisory car- 
rier units, all utilizing the power line con- 
ductors, as a means of establishing various 
communications channels. Second, only 
in sequence, however, we have the tele- 
phone-line carrier circuits, consisting of 
voice, signal, alarm, and control circuits 
superimposed on the telephone wires, 
which make up the vast network of the 
company’s telephone system. 

These telephone wires vary consider- 
ably from commercial telephone lines by 
the very nature of the duty they perform 


ia 


// 
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and their strict co-ordination with the 
electric transmission system. The mat- 
ter of inductive co-ordination for the re- 
duction of noise and the protection of 
personnel and equipment, and matters of 
protection and co-ordination have in 


themselves become interesting and com- 


plex studies. 

The ‘“‘power-line carriers” as a group 
vary as to the system of emission of en- 
ergy conveying intelligence, and the sig- 
naling systems, used in the supervision of 


communications, where circuits are termi- 


nated on various plant-telephone switch- 
boards. For the greater part, the emis- 
sion system used is amplitude modulated 
(AM) single channel transmission, utiliz- 
ing two frequency transmission between 
terminals. These units vary in power 
output from 5 watts to approximately 50 
watts, and are coupled to the power trans- 
mission lines through impedance match- 
ing radio-frequency networks, capacitive 
couplers and drainage coils, in the con- 
ventional manner. 
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Figure 2. Relay type telephone selector, 
and associated line-relay 


The transmission lines are trapped at 
most stations to reduce attenuation of the 
transmitted radio-frequency energy. 
Traps are installed to reduce losses in 
the station bus network, circuit breakers, 
transformer banks, and associated equip- 
ment. Radio frequency traps and co- 
axial by-pass systems are generally pro- 
vided through intervening transmission 
substations. In the system under dis- 
cussion here frequency modulated (FM) 
and single side-band terminals also are 
used, in the same frequency ranges, but 
somewhat less generally than the AM 
types of equipment. 


Ringing and Signaling Systems 


The ringing and signal systems of these 
power-line carrier circuits as a whole are 
probably somewhat different than in other 
power utility applications. 

Figure 1 shows diagrammatically the 


general arrangement of a typical power- 


line carrier-current terminal, with its out- 


put and input systems, matched to an 
audio-frequency hybrid system, and then 
coupled to a signal supervision system, 
and terminated on a jack position, of the 
plant’s cord-type telephone switchboard. 

Figure 1 also shows the arrangement for 
coupling the same carrier-current termi- 
nal, alternately to a key-type telephone 
switchboard, commonly used in some 
plant installations where the necessity for 
more than three simultaneous conversa- 
tions originating from the station are not 
probable. 

Other than the channel capacity dif- 
ference inherent in these key-type switch- 
boards, and the fact that they require the 
use of line-lamp supervision on their com- 
mon-battery local circuits within the 
plant, they are equipped to furnish line- 
lamp indications of an incoming signal 
from the carrier terminal and line-busy 
signals to additional switchboards that 
might be operated in multiple with the 
main  key-switchboard unit. These 
switchboards are not required to supply 
the operator with disconnect, cord-light 
supervision, as do the majority of the cord- 
type switchboards used in the larger in- 
stallations. 

Figure 1 also indicates the system used 
in terminating the greater number of tele- 
phone line carrier-current terminals, and 
illustrates diagrammatically the low and 
high pass filter assembly, which is in- 
serted in the physical telephone line in or- 
der to utilize the frequencies between 4 kc 
and 40 ke for carrier-frequency commu- 
nication on the company’s telephone 
lines. 

Referring again to Figure 1 we can see 
that the distant transmitter would trans- 
mit energy in its carrier band to the illus- 
trated terminal for ringing or signaling, 
and also that the signal detector of this 
receiving terminal would be operated, 
and would in turn operate a relay in its 


plate circuit, called a ring-in relay. The 
function of this relay is to open the drop 
toward the receive carrier terminal and to 
apply the drop’s tip and ring legs across a 
local source of 20-cycle ringing power. It 
appears at this point that the ring-in re- 
lay in the signal demodulator’s plate cir- 
cuit might easily apply a d-c potential toa 
separate circuit in order to operate a selec- 
tion device, but the use of 20-cycle ring- 
ing power allows some degree of standardi- 
zation in the switchboard and supervision 
selector equipment, where it is desired to 
have like supervision and operation of me- 
tallic-magneto and carrier-circuits on the 
same switchboard installation. 

Figure 1 indicates that the line-relay 
(LR) is bridging the drop from the carrier 
terminal’s audio output to the plug-jack 
on the switchboard. This line relay is 
shown in Figure 2, mounted above the re- 
lay-type code selector, generally associ- 
ated with it. The line relay is a sensitive 
unit designed originally for signal use with 
magneto party telephone lines, and will 
normally operate over wide limits of 20- 
cycle voltage, from approximately 12 to 
90 volts, and still offer a high impedance 
to the audio frequencies appearing on the 
drop, from the carrier terminal’s output. 

This line relay must respond to coded 
rings, consisting of a sequence of long 
pulses of 31/2 seconds, and short pulses of 
1 second, with a maximum of 3-second 
and a minimum of l-second spaces. This 
system of coded ringing stemmed from 
the operation of long magneto party 
lines, where it was desired to ring-in the 
station code selector from another sta- 
tion, as well as to have a selector that 
could be operated, by patrolmen and 
others, using portable telephones, with 
hand magneto-crank ringers. 

The code selector systems used in con- 
junction with the line relays are shown in 


Mechanical type telephone selec- 
tor 


Figure 3. 
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Figure 4. Arrangement of multiple drop supervision from a single 


carrier-current terminal 


Figures 2 and 3. Figure 2 illustrates the 
typical construction of one of the relay 
type selectors and its associated line-re- 
lay in a rack-mounted assembly. The re- 
lay-type selector consists of three slow 
release slugged telephone relays, one slow- 
operate relay, a pendulum time delay re- 
lay, and a magnetically operated minor 
switch equipped with two 10-digit banks. 

These selector relays are assembled on a 
base of formed sheet iron and arranged to 
be jack-mounted on a vertical rack. The 
strapping on the rack side of the mount- 
ing-jack determines which one of 11 pos- 
sible codes the selector will respond to, 
with each station in the system having an 
assigned code. 

This arrangement of jack strapping al- 
lows any code selector unit to be changed 
from one station to another without any 
internal adjustments. Installation in a 

_ remote station jack-mounting will there- 
fore establish the proper wiring to the 
selector and order its response to the 
proper code. 

Improperly coded signals, or signals in- 
tended for other stations along a ‘‘break- 
out’’carrier installation, are received and 
followed by the line relay, but any varia- 
tion in sequence from the proper code will 
cause the selector to fail and its stepper- 
switch to lock for 31/, seconds after the 
last pulse of the code, at which time the 
selector resets automatically under the 
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control of its pendulum time delay relay, 
and is again ready to respond to any oper- 
ation of the line relay. 

Operation of the selector by its as- 
signed code-sequence causes operation of 
its line-lamp relay, indicated in Figure 1 
as relay “A.” This relay locks over its 
own contacts and holds battery potential 
on the switchboard line-lamp associated 
with the circuit. Insertion of a plug or 
operation of a line key to the signaling line 
operates relay ““B,’’ which in the case of 
the relay-type selector is also mounted on 
the same base assembly. Relay ‘“‘B” 
energizes the counter coil of relay ‘“‘A,” 
extinguishing the line-lamp. 

The “A,” “B,” relay combination is so 
designed, however, to give complete ring- 
back or ‘‘re-ring supervision,” that is, with 
a cord plug inserted in the switchboard 
and the line-lamp extinguished, should the 
party at the remote carrier terminal again 
desire to summon the operator, another 
coded ring would cause the selector to 
again operate, and by differential control 
of the ‘‘B” relay, again lock the ‘‘A”’ relay 
in its operated position, lighting the 
switchboard line-lamp, which can then be 
reset, or extinguished by a quick removal 
and re-insertion of the switchboard plug. 

The mechanical-type code selector il- 
lustrated in Figure 3 is designed to re- 
spond to the same type of codes as the re- 
lay-type selector. This mechanical se- 
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lector, however, offers a 300 per cent 
greater combination of codes, and some-_ 
what greater ease of field adjustment and 
maintenance. 

The system requires that in using the 
mechanical selector the relay combina- 
tions “A” and “B” (Figure 1) must be 
supplied in an additional assembly in or- 
der to give lock-line lamp and re-ring 
supervision. 

Both types of selectors can be used for 
multiple switchboard operation as shown 
in Figure 4, where the system dispatcher, 
the division distribution operator, and the 
division office switchboards are all multi- 
ple, across some of the same carrier-cur- 
rent terminal outputs. The additional 
codes required are provided on either type 
of selector, by making the first code, the 
basic sequence, and adding pulses for 
codes two and three. Additional notch- 
ing also is required in the code wheel of 
the mechanical selector. 

This application of selectors and super-_ 
vision of carrier-current circuits allow, to. 
a degree, complete magneto supervision 
on power line carriers and telephone line 
carriers alike, and is utilized in some cases 
where the carrier terminal is located some 
distance from the switchboard. Magneto” 
ringing is utilized on the open wire-line 
drop to actuate the ring-out relay in the 
carrier terminal, in order to initiate trans-_ 
mitted signals. 
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Direct Supervision and Trunking 


Up to this point this paper has been 
concerned with the types of carrier super- 
vision and signaling used with power-line 
and telephone line carrier, which would 
fallin a large category of ring down super- 
vision as it would be called in communica- 
tions parlance. 

Figure 5 shows an arrangement for ob- 
taining full common-battery type super- 
vision from a group of carrier-channels. 
Full supervision must indicate the same 
conditions of supervision at both switch- 
board terminations of the carrier circuit. 
The carrier trunking arrangement illus- 
trated in Figure 5 takes advantage of the 
fact that, unlike the carrier terminals de- 
scribed before, these units incorporate 
separate frequencies for signaling and re- 
ceiving signals, and are designed to incor- 
porate extremely selective band filters, so 
that the signa], frequencies do not inter- 
fere with the 2,500-cycle-wide voice 
channel. 

Unlike the carrier units that signal in or 
near the voice band, these units can signal 
continuously during use of the voice car- 
rier equipment. ‘The carrier transmitters 
are equipped with signal oscillators as in 
the first channel in Figure 5 on 3.6 ke. 
The insertion of a plug into the switch- 
board jack associated with this channel 
operates the relay in the carrier trunk, 
which in turn applies battery potential to 
start the signal transmitter of channel 
number 1 from the West switchboard. 
The ‘voice circuit, shown only as one side 


_ of a tip-ring jack, is connected to the pri- 


The secondary of the transformer is cou- 
pled to the input of the voice carrier unit. 
The primary of the one to one transformer 
in the carrier trunk has its center wind- 
ings bridging a large condenser, as well as 
a pair of make contacts in the carrier 
signal-receiver output relay. This cir- 
cuit constitutes a d-c block in the primary 
of the transformer, which holds the West 
switchboard’s cord light energized, and 
therefore indicates a disconnect to the 
West operator. 

The West signal transmitter, however, 
causes the East terminal’s signal receiver 
to operate, closing the contacts of its out- 
put relay which in turn energize the East 
switchboard’s line-lamp, designated as 
“LL” in Figure 5. 

The East channel’s signal receiver relay 
also closes the d-c block across the capaci- 
tor-isolated primary of the one to one au- 
dio transformer in the carrier trunk set 
associated with the East terminal. Upon 
answering the line-lamp, the East switch- 
board’s operator applies negative battery 
potential to'the carrier trunk relay by in- 
serting a switchboard cord plug, which 
then operates the East channel’s trunk- 
relay which has two functions and one 
operation. The series circuit from the 
East receiver relay which energized the 
line-lamp is opened by its break contacts, 
extinguishing the East line-lamp “LL,” 
and its make contacts close to initiate the 
operation of the East’s signal transmitter 
which in turn causes the West carrier re- 
ceiver relay to close, shorting the isolat- 
ing condenser across the center taps of the 
West carrier’s trunks, one to one audio 
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transformer, and this consequent d-c low 
resistance loop allows the cord circuit re- 
lays to operate and extinguish the cord 
disconnect lamp, thereby indicating to the 
operator of the West switchboard that the. 
East switchboard has answered the call. 

This type of supervision is, of course, 
equal in an operating sense to the opera- 
tion of any common battery telephone’s 
manual exchange service, and lends itself 
admirably to use between stations where 
large volumes of communications are to 
be handled on a full-selective basis. 

The speed of operation is of prime in- 
terest, and the general application of these 
trunks is one of interconnecting and ex- 
tending other terminating carrier and 
line circuits from one main office to an- 
other in the power company’s communica- 
tion system. The lower diagram of Fig- 
ure 5 indicates the frequency allocation 
and spectrum utilized to operate three 
such trunks on a single telephone-toll 
cable pair of wires. 


Carrier Current System Combining 
Telemetering and Control 


Figure 6 illustrates schematically a car- 
rier control scheme for combining a con- 
ventional carrier-current telemetering and 
recording channel, with a fail safe valve 
control system, incorporating a novel con- 
trol-confinmation indication, transmitted 
from the remote unattended metering sta- 
tion or a main line valve metering point, 
to an attended operating station, or com- 
pressor station. 

The system consists primarily of a tele- 
phone-line carrier telemetering transmit- 
ter and receiver combination, along with 
its line filter set and graphic recorder of 
the conventional type, used for translat- 
ing and recording pulse information on a 
rotary chart. 

In addition, the controlling terminus 
of the circuit is equipped with three pulse- 
signal sending keys. These keys are 
cam-cut switching devices with coded 
wheels arranged for various pulse digit 
keying of the carrier-current transmitter. 
The three signal keys are each equipped 
with a different digital combination of 17 
pulses and are capable of operating only 
one selector having a like set of the digital 
stops, pre-set within the selector mecha- 
nism and located at the remote end of 
the circuit. 

The rotary chart recorder is equipped 
with a signal light in its case, that indi- 
cates the pulses being received from the 
remote end, and functions in accordance 
with any closure of the telemeter-receiy- 
er’s relay. 

The remote unattended end of the cir- 
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cuit is equipped with its line filter set, a 
carrier current telemeter transmitter, and 
receiver, along with an auxiliary power 
supply used to energize the ‘‘A,” ““B,” and 
“©” pulse selectors, and a keying pole- 
changing relay installed along with the 
carrier-current terminal. 

The three railroad-type pulse selectors 
designated ‘‘A’”’, ‘‘B”, and ‘‘C” in Figure 6 
are operated in parallel, and simultane- 
ously from the pole-changing relay PC, 
which receives its operating pulses from 
the relay supplied in the output of the 
carrier-current receiver. 

Three selector relays, designated ‘‘A,”’ 
“B,” and “C,” and a gas quenched time 
delay relay designated “T,” make up the 
selection bank for the a-c operated valve 
motor-control relays ‘‘AB’’ and “AC”. 
A differential pulse generating relay des- 
ignated “DIF” is supplied to generate 
pulses during the operation of the valve 
motor, from the control of the relays 
SAB or ACY. 

The remote station is equipped with 
the conventional pressure and flow telem- 
eter transmitters of the time-division 
type, and an associated a-c operated se- 
lector switch which allows one set of in- 
formation to be transmitted continuously 
for 10 minutes, and a second set of infor- 
mation for 5 minutes, in each 15-minute 
sequence, 

Under normal circumstances the con- 
trol equipment is completely dormant; 
and the telemetering transmitters, which 
in turn operate the graph recorder at the 
control end of the circuit, are telemetering 
their information continuously. Should 
the operator at the control station desire 
to operate the remote valve or switch, he 
will turn the pulse sending keys “‘A”’ and 
“B” in turn, and should he desire to close 
the valve or switch he will actuate the 


“A” and “C”’ keys, 


The full operation of a valve, for ex- 
ample, might require 15 minutes, which is 
quite common timing for this type of 
equipment. The gas quenched time de- 
lay relay might be set for 2 minutes of 
operation, which as indicated diagram- 
matically will sustain the operation of the 
“A” “B” and “C”’ selector-relays shown 
in Figure 6 over a common locking ground 
contact for the period of its operation 
only. This of course limits the operation 
of the valve to 2 minutes, minus the few 
seconds required for the sending of the 
“A” and “C” or “A” and “B” codes. 

Sending the ‘‘A’’ code and then waiting 
for possibly a minute and a half before 
sending the ‘‘C”’ or ‘‘B’’ codes allows a 
fine degree of valve position adjustment 
in either direction. 

With the idea of failure-safety in mind, 
the circuit has been arranged so that the 
operation sequence of all three keys in any 
sequence, that is, ABC, ACB, or CBA, im- 
mediately causes failure of the control re- 
lays “AB” or “AC”, and therefore 
furnishes a failure-safe stopping opera- 
tion. 

Contacts are provided on the ‘“AB” and 
“AC” operating relays to open the oper- 
ating circuit from the pressure and flow 
telemetering transmitter to the carrier- 
current transmitter, and in turn transfer 
this initiating lead to the differential pulse 
generator which functions upon the oper- 
ation of either the “AB” or “AC” relays. 
This pulse generating relay acts to key the 
carrier transmitter in a series of four-sec- 
ond marks and alternate one second 
spaces. The operation of the pulse gen- 
erator allows the operator at the control 
end to observe the light in the recorder 
and confirm the operation of the valve by 
virtue of the pulse difference. 

The railroad type pulse selectors are 
used in this installation in order to in- 
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crease the safety factor of operation by 
transient pulses which might possibly be 
received by the carrier-current receiver. 
It would, however, require 34 properly 
spaced and positive pulses to cause any 
operation of the control relays. Any op- 
eration would immediately be made evi- 
dent to the operator at the control station 
by the change in sound and signal of the 
telemeter recorder’s solenoid and the 
quick pulsing of the light in the recorder’s 
case. This light’s normal sequence of 
four pulses per minute would immediately 
be changed to the comparatively fast 
flicker caused by the pulsing of the dif- 
ferential pulse generator. 

In Figure 6 a 24-volt battery is indi- 
cated for selector relay operation; how- 
ever, the auxiliary power supply could be 
used for power if it were found advisable 
to eliminate the battery plant. 

Frequency shift, or pulse-diversity 
carrier transmission, will lend itself ad- 
mirably to this system of telemetering 
and control. 


Summar, 


During the past few years there have 
been numerous systems of supervisory 
control and coded digital selectors de- 


signed and described in various papers. — 


These systems, as a whole, have been de- 
signed for specific use as power-supervis- 
ory control units, or as commercial-tele- 
phone circuit-switching and trunking as- 
semblies. 

The purpose of this paper, however, has 
been to discuss some signaling and super- 
visory-trunking systems used in conjunc- 


tion with the normal operation of a large © 


power utility. It has further been de- 
sired to illustrate these systems as they are 
applied to carrier-current systems and 
mediums of transmission. 
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Spiral Arc Chokes Power Flow in 
New Lightning Arrresters 
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LIGHTNING arrester is a device 

which permits a practically unre- 
stricted flow of electric current between 
its terminals when the terminal voltage 
exceeds a certain level, and which inter- 
rupts the flow of current when the over- 
voltage ceases. The lightning or surge 
current establishes an arc path through 
the device and this is often followed by 
dynamic power flow. The prompt inter- 
ruption of power follow current is one of 
the essential functions of a lightning ar- 
rester. 

In this respect lightning arresters are 
comparable to fuses and circuit breakers. 
All three types of apparatus operate by 
influencing or modifying the current that 
would flow if there were a bolted connec- 
tion instead of the protective device. In 
d-c interrupters, current modification by 
the protective device is an absolute ne- 
cessity. An a-c interrupter could con- 
ceivably operate without current modifi- 
cation if it were able to muster enough de- 
ionizing action while the current was go- 
ing through zero in its natural course. 
Every interrupting device, however, mod- 
ifies the current which it is to clear, at 
least by the effect of its arc voltage, no 
matter how small this may be. Current 
modification is carried to a rational and 
well-controlled extreme by the use of re- 
sistance materials in certain interrupting 
devices. This principle is employed in 
valve-type lightning arresters, circuit 
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breakers with two step switching, and in 
fuses with fixed series resistors.! 

Most circuit breakers, fuses, and expul- 
sion-type lightning arresters, however, in- 
fluence the current. only by de-ionizing 
action in the are path. De-ionizing ac- 
tion, to be effective at the proper moment, 
must start before the current becomes 
zero. It usually manifests itself in rising 
arc voltage which in turn forces the cur- 
rent to decay faster than it would do in an 
a-c circuit with linear impedances only. 

While limitation of the individual cur- 
rent loops in amplitude as well as in dura- 
tion with many interrupting devices sim- 
ply is a phenomenon incidental to their 
operation, without any significant bene- 
ficial effect, this principle is purposely 
accentuated in other apparatus and is 
made a feature necessary for their proper 
functioning.” Effective power current 
limitation is obtained by making the arc 
voltage about as high as the generated 
voltage at an early time during the first 
current loop.’ This is frequently done 
in interrupting devices by means of arc 
transfer or arc switching. With expul- 
sion-type lightning arresters this implies 
that the are is forced from its original 
shortest channel into a longer path. 
Such action’ takes place even in open rod 
gaps due to convection air currents and 
magnetic effects; it is schematically indi- 
cated in Figure 1. It also can be induced 
in confined spaces such as expulsion ar- 
resters which always are contained in a 
basically tubular structure. However, 
the gain in arc length cannot be very sig- 
nificant as long as the basic arrangement 
and principle is that illustrated in Figure 
ike 

A fundamentally new principle of arc 
switching in a confined tubular space has 
been introduced by providing a cylindri- 


cal filler with spiral grooves as illustrated 
in Figure 2. The initial spark from one 
electrode to the other takes place in a 
more or less straight line in the space be- 
tween the spiral filler and the tube wall. 
The tube wall may touch the ridge of the 
filler all around or may have a clearance 
up to 25 mils on the diameter when new. 
The spark encounters narrow spaces at 
the land of the spiral and is rather unre- 
stricted where it crosses the grooves. 
The grooves must furnish adequate ab- 
sorption space for the gas generated by 
the surge current since there is no appre- 
ciable movement of gas towards the 
vented end of the tube during a surge 
lasting only about 100 microseconds. 
Each tube element essentially must store 
the gas generated within its confines and 
sustain the created pressure. If power 
current should follow the surge discharge, 
additional gas is produced, all of which 
gradually moves toward the open end of 
the arc chamber. Some of it will cross 
the restricted sections between lands and 
tube wall, but most will follow the spiral 
groove. The division of flow is predi- 
cated by the respective aerodynamic re- 
sistance. Hydraulic flow tests made on 
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Comparative erosion patterns show 
effectiveness of spiral groove 


Figure 3. 


(A). Spiral groove sample after ten discharges 
at 3 kv, 1,000 amperes 
(B), Ring groove sample subjected to similar 
tests 


assemblies with tightly fitting fillers and 
with others having’ certain clearances, 
demonstrate that, in the selected design, 
at 25 mils difference between filler diame- 
ter and tube bore, about 83 per cent of the 
total flow crosses the spiral ridges, Are 
current conditions however are vastly 
more complex than what can be repre- 
sented by a hydraulic model; the latter 
merely gives useful indications, Power 
tests are the only source from which reli- 
able information can be obtained on the 
mode of operation of such devices, 

Figure 3(A) shows the essential parts 
of a spiral groove expulsion lightning ar- 
rester which has undergone a series of 
tests at a plant setting of 38 kv and 1,000 
amperes, It is noted that the periphery 
of the uppermost turn of the spiral shows 
a distinct notch, This marks the location 
where the first surge and power current 
discharge produced a slight impression on 
the otherwise uniform periphery of the 
filler and in the surrounding tube wall. 
‘These local changes of dimensions and of 
electrical characteristics caused all subse- 


Figure 4, Are voltage and current produced 
by different filler types at same power supply 
(3 kv, 1,000 amperes, rms) 


(A), Spiral filler (220 amperes crest) 

(B). Ring groove filler with same clearance to 
tube as spiral filler (470 amperes crest) 
(C), Ring groove filler with clearance in- 
creased so that total flow resistance is same as 
with spiral filler (765 amperes crest) 
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quent discharges to take the same path. 
There can be no doubt that the original 
surge and the initial portion of the ensuing 
power current crossed the next lower ridge 
more or less directly below this notch. 
However, the absence of a similar notch 
in the second turn of the spiral or any- 
where else farther down is conclusive 
evidence that the arc gas in the groove 
quickly begins to travel crosswise to the 
original are path and thereby prevents 
continued current flow in a purely axial 
direction. The only other pronounced 
track discernible during the early life of 
the device is a shallow groove on the inner 
tube wall, conforming to the spiral chan- 
nel of the filler. This is convincing proof 
that the bulk of the are gases actually 
flows in the direction of the spiral. 


Despite this evidence one still might 
question whether the current flows in the 
same direction as the are gases, for, in 
general, current need not follow the mo- 
tion of the conducting medium. It is 
however, beyond question that wherever 
the current does flow the results of the 
expended energy must be evident. In 
solids, the flow of electricity results in 
heating; in expulsion arresters, the arc 
energy converts solids into gaseous form 
and imparts heat and kinetic energy to 
gases. As the loss of gas forming material 
is evident primarily along the walls of the 
spiral channel one must conclude that the 
bulk of the current is flowing along this 
path. 

More insight into the functioning of the 
spiral grooves can be gained from obsery- 
ing the performance of an expulsion light- 
ning arrester having the spiral groove 
filler replaced by one with ring grooves, 
as shown in Figure 3(B). This filler, 
having the same diameter as the spiral 
type, offers the same gas storage space and 
the same resistance to gas flow in purely 
axial direction. It differs from the spiral 
filler in so far as it does not permit any 
sustained flow of gas along the grooves 
and must cause a considerably higher 
are gas pressure within the device. For 
this reason, the are voltage along a circu- 
lar groove filler should be higher than that 
of one with spiral grooves if with the lat- 
ter the are current also flowed in an axial 
direction only. However, exactly the 
opposite condition is disclosed by meas- 
urements as illustrated in Figure 4. The 
are voltage of the spiral groove model is 
higher than that of the one with ring 
grooves despite the fact that the latter 
works with higher gas pressures. Fur- 
thermore, if the clearance around the ring 
groove filler is increased so that the inter- 
nal pressure becomes about the same as 
that in the spiral groove model, the arc 
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Figure 5. Power follow tests on 3-ky, lighteal ‘} 
ning arrester at 3 kv, 22,000 amperes, rms, | 
and maximum severity timing a 


(A). First operation (850 amperes crest) 
(B). Fifth operation (1,500 amperes crest— 
change of current scale) 7 


Figure 6. Power follow tests on 9-kv light-_ 
ning arrester at 8,100 volts, 17,000 amperes, 
rms, and maximum severity timing A 


(A). First operation (1,070 amperes crest) — 
(B). Fifth operation (2,140 amperes crest) 


Figure 7. Power follow tests on 3-kv light- 
ning arrester at 3 kv, 22,000 amperes, rms, 
and cyclicly distributed timing 


(A). First operation at maximum severity tim=9 
ing (1,700 amperes crest) 

(B).. Second operation, timed 80 degrees 
later (2,100 amperes crest) 

(C). Ninth operation (2,100 amperes crest) 


voltage of the ring groove assembly beg 
comes decidedly lower, as illustrated in — 
Figure 4(C). The combined evidence — 
strongly points to the conclusion that, 
with a properly designed spiral filler, the 
are current is being switched to the spiral- 
channel. The ratio between its pitch and 
its mean length of turn is such that the © 
are is stretched to about four times its” 
original length. f 
If this principle is applied to expulsion — 4 
lightning arrester designs having a rela- 
tively long initial sparkover path, the are 
length can be increased to dimensional 
which produce a very decided current 
limiting effect. ; i 


75,000 A 


12.56 KV/CM 


MICROSECONDS 


Figure 8. Surge current and arc voltage, 9-kv 
lightning arrester 


cation of such devices at locations where 
extremely high short-circuit currents so 


- far have been a barrier to the use of ex- 


» 
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} 
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pulsion arresters. 

Figure 5 shows records of standard duty 
cycle tests of a 3-kv spiral groove light- 
ning arrester on a 3-ky 22,000-ampere cir- 
cuit. Figure 6 presents tests of a 9-kv 
lightning arrester of similar design on a 
8,100-volt 17,000-ampere source. The 
oscillograms illustrate how the are volt- 
age after very short time rises to values 
approaching and exceeding the generated 
voltage, thereby restricting the power fol- 
low current to a small fraction of the 
available supply. 

According to the standards, the ques- 
tion of lightning arrester life is satisfacto- 
rily answered by the device passing five 
maximum severity discharges, followed by 
five operations at minimum current. The 
tests in Figures 5 and 6 represent maxi- 
mum severity discharges in accordance 
with the standards except that they were 
taken at plant settings much higher than 
the 10,000 amperes which so far were 
considered the highest current capacity to 
be demonstrated for a device suitable for 
unrestricted application. Both the 3-kv 
and the 9-kv lightning arresters not only 
interrupted five additional low current 
discharges but at the end of the whole test 
series still were in rather good condition. 

While, in the sense of the standards, 
such tests are sufficient proof of adequate 
serviceability, the authors feel that serv- 
ice life is even more convincingly demon- 
strated by a series of tests such as illus- 
trated in Figure 7. This sequence is 
started with a maximum severity opera- 
tion as in the standard test series; there- 
after however, the timing is shifted 80 
electrical degrees for each consecutive op- 
eration. This results in a more or less 
random distribution of the discharges over 


/ 


the whole range of the 60-cycle period not 
unlike that expected in normal service. 
During the whole series presented in Fig- 
ure 7, the supply was maintained at 
22,000 amperes; the tests were discon- 
tinued with the ninth discharge, after 
which the lightning arrester still was in 
very good condition. Similar tests were 
executed with a 9-ky lightning arrester at 
8,100 volts. 


These tests demonstrate the long life 
potential of spiral grooye lightning ar- 
resters not only by the number of opera- 
tions performed, but also by the low are 
energy recorded. The low are energy is 
the product of are voltage, current and 
time. It is a good indicator of the con- 
sumption rate of the lightning arrester’s 
gas producing material. Examination of 
the presented records in comparison with 
those of other types lacking pronounced 
current limiting ability’ shows that the 
average are energy per discharge through 
a spiral groove lightning arrester is about 
one fourth of that of most other expulsion 
lightning arresters. This means that the 
consumption of gas generating material in 
the spiral groove lightning arrester is re- 
duced to a rate which insures exception- 
ally long arrester life. 


It has been general practice to make 
current interruption duty cycle tests at 
rated lightning arrester voltage. How- 
ever, as available fault currents keep on 
increasing and become more and more the 
limiting feature in application, the ques- 
tion whether standard performance tests 
correspond reasonably well to 
service conditions, requires re-examina- 
tion. The voltage rating of lightning ar- 
resters always is higher than normal sery- 
ice line to ground potential. 
because lightning arresters occasionally 


actual 


This is done 


must operate at dynamic voltages higher 
than normal. With grounded systems 
this may occur because of voltage unbal- 
ance at locations far removed from the 
source of supply; with ungrounded sys- 
tems a lightning arrester may be called 
upon to operate while one phase is acci- 
dentally grounded, It is to be noted that 
maximum system fault current cannot 
flow through the lightning arrester at 
either of these conditions; in the grounded 
system, because the source of power is re- 
mote; in the ungrounded system, be- 
cause line-to-line current is always less 
than the 3-phase fault, the latter being 
the most severe condition. It is for this 
reason that tests intended to show maxi- 
mum current performance haye been 
made at 90 per cent of rated voltage, at 
least with the 9-kv design. 


As the spiral groove lightning arrester 
operates by generating very high arc 
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Figure 9. Complete type 
lightning arrester 


voltage, the question must be asked 
whether under certain conditions the are 
voltage might not become so high as to 
defeat the purpose of the protective de- 
vice. In analyzing this question one will 
observe that the are voltage around any 
one turn of the spiral can never be higher 
than the insulation strength across the 
ridge separating the neighboring turns. 
The sparkover across all the ridges fur- 
thermore cannot be more than the initial 
sparkover of the whole device particu- 
larly since during the arcing time most of 
the space is filled with ionized gas. At 
best, the ridges of a tightly fitting filler 
can exclude ionized gas from the width 
they occupy, which is some 31 per cent of 
the total electrode spacing. In other 
words, the arc voltage can hardly be ex- 
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pected to ever rise above about one third 
of the critical surge sparkover of the whole 
device. Figure 8 shows voltage and cur- 
rent oscillograms of a high surge current 
discharge through a 9-kv spiral groove 
lightning arrester. It is to be noted on 
the voltage record that a surge voltage of 
41.8 kv, in a fashion characteristic to 
critical sparkover conditions, was main- 
tained for about 3 microseconds before the 
lightning arrester started to respond. 
After sparkover, the highest arc voltage 
was 12.5 kv, the crest current being 75,000 
amperes. 

Because of its very pronounced current 
limiting ability the spiral groove lightning 
arrester has appreciably widened the 
range of application of expulsion-type 
lightning arresters. In other respects the 
new device also represents a marked ad- 
vance in the direction of satisfying the 
power industrys requirements although 
the latter are by no means uniform. 
This is true in particular with regard to 
the location of the series gap and the de- 
gree of exposure and mode of grounding 
of various parts inasmuch as such fea- 
tures often have to conform to existing lo- 
cal safety rules. The type LX spiral 
groove lightning arrester is shown in Fig- 
ure 9. The series gap is contained in a 
dome-shaped porcelain with lateral open- 


ings. This construction prevents acci- 
dental contact of linemen with the elec- 
trodes and yet keeps the electrodes open 
for inspection. The openings further- 
more serve the purpose of letting arc 
gases and electrode material vapors es- 
cape freely. The line terminal itself is, 
or can be, covered by means of an inst- 
lating cap. The crossarm bracket is un- 
grounded which is required by certain 
power companies. It can on the other 
hand be grounded by a jumper to the 
ground terminal. The latter is recessed 
in the porcelain to prevent accidental con- 
LaCie 

The fiber tube which surrounds the 
spiral filler is, in turn, sleeved part way 
into a steel cylinder. One end of the lat- 
ter is grounded; the other one approaches 
the upper electrode. Because of this 
arrangement, very high field stress is pro- 
duced at the upper electrode when an 
overvoltage is impressed on it. This re- 
sults in an electrode spark which, not 
being able to puncture the wall between 
electrode and shield will propagate along 
the wall towards ground. It is sped on 
its way because at its tip there continues 
to exist the same high field gradient 
which caused it to start. By this means a 
tube length of 6 inches can be made to 
sparkover internally at a voltage of about 


45 ky. This sparkover co-ordinates well 
with the insulation of apparatus to which 
9-kv lightning arresters are applied. In 
case of power follow, the are established 
by the surge is switched into the spiral 
groove of about four times the original 
spark length and thereby attains a length 
of about 2!/ inches per kilovolt of light- — 
ning arrester rating. 

The authors feel that they do not risk 
being presumptuous if they considét this — 
development a major advance in the art. 
With the everwidening use of expulsion 
lightning arresters, this development will 
make this type of protector of increasing 
utility as distribution systems are grow- 
ing in power output and concentration. 
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A New Method for Treating Electron 
Tubes When Used as Oscillators in 


the Free as Well as in the 
Synchronized States 


ABD EL-SAMIE MOSTAFA 


NONMEMBER AIEE 


NEW theoretical analysis, based on 

treating the electron tube as a 
periodically varying element is presented. 
The methods of superposition and succes- 
sive approximation are applied to the 
solution of circuits having periodically 
varying resistances and the results are 
directly applied to the present nonlinear 
problem. 

The transient and the steady-state 
oscillations, together with the amount of 
harmonics, and also the conditions of 
stability have been determined in the 
cases of free as well as synchronized 
oscillators. 

Many important problems which can 
be shown to depend upon nonlinear dif- 
ferential equations are met in practice. 
The published papers dealing with such 
problems involve difficult mathematics 
and are usually limited in application, a 
fact making the study of nonlinear cir- 
cuits present great difficulties. 

The present analysis is followed from 
the fact that the electron tube in the 
oscillatory state can be considered as an 
element whose admittance varies cycli- 
cally and in which the amplitude, phase, 
and frequency of the periodic variation 
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are self-controlled, that is, it depends on 
the amplitude, phase, and frequency of 
the oscillation. 

The method of attack presented is 
general as it can be applied to almost all 
nonlinear problems. It has been success- 
fully applied by the authors to the cases 
of superregenerative detectors and _ har- 
monic contents in class-C amplifiers where 
the nonlinear element is again an electron 
tube. It also has been satisfactorily 
employed for the evaluation of subhar- 
monic sustained oscillations found in 
iron-cored reactor oscillatory circuits, in 
which the periodically varying 
parameter is the inductance instead of 
the resistance. 

Although the present paper is confined 
to nonlinear circuits where the amount 
of nonlinearity is small (or what is 
equivalent to saying that the present 
work is limited to small signals), yet the 
same method could be applied, using 
closer approximations, to any other type 
of oscillation. 


case, 


Generation of Oscillation 


The phenomena of the generation of 
oscillation, presumably the simplest, 
will be treated first. A schematic dia- 
gram for a tuned plate oscillator is 
shown in Figure 1. The losses in the cir- 
cuit are represented by a shunt con- 
ductance G in order to simplify the 
analysis and the results obtained apply 
as well to the more usual case where the 
losses are associated with the inductance. 
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By applying Kirchhoff’s first law for 
the currents meeting at the point P, we 
get: 


to+ ig + bn +i1p=0 
giving after differentiation, 


d*v/dt?+-(1/C)(G+di, /dv)dv/dt+- wy?v = 0 
(1) 


where, ig and 7, represent the alternating 
components of the currents in the con- 
ductive and inductive branches respec- 
tively, % is the current in the capacitive 
branch, ?,=alternating component of 
plate current, v=alternating component 
the 
oscillatory circuit, and w?=1/LC. 1, 


of plate voltage=voltage across 


can be represented as a function of the 
plate voltage as follows: 


tp =f(v) = av+ Bv?+ yu3-+nuit+cud+ ... .* 
and di,/dv=a+2pu+3yu2+4yvi+ (2) 


Substitution in equation | gives 


d*y/dt?+-(1/C)(G+a+2Bu+3yv?+ 
4nvi-+ . .)du/dt+-a2v=0 (3) 


Tuned plate oscillator, polarized 
potentials omitted 


Figure 1. 


For an oscillatory solution, the voltage v 
can be assumed to be of the form V, cos a, 
+ Vy. cos (2at + A.) + Vis cos (8wt + 
Bis). ne es , where V;, being a very slow 
function of time compared with the fre- 
quency of oscillation, is the fundamental 
amplitude at any instant f, Vio, Vis,...., 
A, 013, . . . . are also slow functions of 
time and represent the amplitudes and 
phases of the second, third, and so forth 


*For very small amplitudes, ip=(v/p)+gvy= 
(v/p)(1—4M/L) = av, and a= (1/p)(1—y4 M/Z), 
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Figure 2. Series oscillatory circuit having a 
periodically varying resistance 


harmonics respectively, w/2m is the fre- 
quency of oscillation (fundamental). 
Inrthe following analysis, it is assumed 
that the amount of nonlinearity is small, 
that is, each of (1/wC)6V;, (1/@C)yV;?, 
(1/@C)nV;,3, and so forth, is much less 
than unity, also each of 7V,3 and (V;‘ 
is much less than BV; and yV;? respec- 
tively. This is equivalent to saying that 
the signals are assumed small. In this 
case, it can be shown that the Fourier 
series of v is a highly convergent one. 
Substituting the Fourier series in equa- 
tion 2 of di,/dv, equation 3 becomes: 


d*v/dit2+(G;/C)(1+hy cos wither X 
cos 2withs; cos 8wt+ ...)dv/ditenz=0 (4) 


where 


G:;=Gt+at(3/2)yVi2+(1d5/8)eVA+ 2. .., 
Grhyy=28Vit3nVG+ ....., 


Gthoy = (38/2) y Vi2+(5/2)0ViA+ ....., 
Gihy: =n Vib + ae ey 
Guha = (5/8) Vit+ ....., and so forth 


In this way, the nonlinear differential 
equation 3 has been transformed to a 
linear one with periodically varying coef- 
ficients, in which each of (G,/w(C), 
(G,/@C)hy, (G,/@C)hy, and so forth, is 
much less than unity, and each of hy 
and hy is much less than J, and hy, 
respectively. 

For the solution of equation 4, the 
methods of superposition and successive 
approximation will be adopted. Consider 
the series circuit, Figure 2, where R; is a 
periodically varying resistance and given 
by 


Re=r( 1+ > hn cos not) 

n=1 
while the inductance L and the capacity C 
are constants. 

The differential equation for the charge 
Q across the capacitor is given by, 


@Q/di?+(Ro/L)1+h cos wt+hs cos 2wi+ 
hz cos 3wt+ .. .)dQ/dt+uP°Q0=0 (5) 


where w ?=1/LC. 

Although successive approximation can 
be directly applied to equation 5, yet 
the amount of work can be reduced by 
the transformation O=qe*, where F is a 
function of time. Substitution in equa- 
tion 5 gives 
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Figure 3. Connection diagram for equation 7 


2q/dt?+ {2(dF/dt)+R:/L} dq/dt+ 
{ (d2F/dt?)+(dF/dt)?+ 
(R:/L)dF/di+e?}q=0 (6) 


F is so chosen that the coefficient of 
dq/dt in equation 6 vanishes; therefore, 


F= f —(R/2L)dt= —(Ro/2L)X 
{t+Z(hn/nw) sin net} 
i= 
Coefficient of g in equation 6 is therefore 
given by, 


wo? E +(Ro/2aoL) (w/w) z nhy, x 
n=1 


sin nwt —(Ro/QapL.)2X 


cS 2 
(14 > hn cos nat) | 
n=1 


Now, if (Ro/2w.L) is much less than 
unity and w is in the vicinity of wo, both 
assumptions being satisfied in the present 
nonlinear problem, terms containing 
(Ro/2wL)? can be neglected. The coef- 
ficient of gq will, therefore, approxi- 
mately equal 


ott 414 (Ry [Ran o/e 2 nhyn sin noth 


n=1 
and equation 6 becomes, 


dig /dt+-wy?{ 1+(Ro/2woL) (w/o) X 
(fy sin wt +2h? sin 2wt+3h3X 
sin 8of+ ...} fPigdt=0 (7) 


where i, =dq/dt. 

Let wo=a(1+d), and d=amount of 
detune, and it is a small fraction. There- 
fore, L(coefficient of fi,dt)=(1/C)+ 
(1/C:)+ (1/Cu) where 


1/Q=o°L, 1/C,=(2d+d?)/C, 
1/Cr=(1/G))(Ro/2eL) J nhy sin not 
n=1 


The connection diagram giving the 
current 7, of equation 7 will be as shown, 
Figure 3. The reason for splitting up the 
capacity C is in order that the natural 
frequency of the linear circuit having the 
constant elements L and C, would equal 
fundamental frequency w/2mr of the 
periodic resistance. 

According to the well-known compensa- 
tion theorem, if short-circuiting C. and 
Cy by closing the artificial key and re- 
placing instead a generator of zero 
internal impedance and having an electro- 
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motive force equals — { (1/C2)+(1/Cy)} X 
JS i,dt where i, is the actual current flow- 
ing in the circuit, 7, would be unchanged; 
but the actual current flowing is unknown, 
therefore, successive approximations will 
be adopted as follows. 

Closing the artificial key, the current 
would be given by, 47=A sin (wi+¢@), 
where A and ¢ are constants to be deter- 
mined from initial conditions; the capaci- 
tor is assumed to be initially charged. 
i; gives the first approximation for the 
current 7. 

For a second approximation, replace 
C, and C\, by a generator of zero internal 
impedance and having an electromotive 
force 


ee {(1/C2)+(1/C)} JS isdt 
=A {(2d+d?)/wC,} cos (wt+¢)+ 
(A /2wC;)(Ro/2eL) (iy {sin (Qet+¢) — 
sin ¢} +2h {sin (3ot+¢)+ 
sin (wt —¢)} +3hs3 {sin (4et-+@)+ 
sin (Qat—¢)}+....] 
= oF MNwtVea+V3a+ V4 aah 


The voltage v; consists of components of 
frequencies zero (that is, d-c component), 
w/2mr, 2w/2mr, 3w/2mr, and so forth. 

It should be noted that the voltage 
component 2,,, is of the same frequency as 
the natural frequency of the L, CG cir- 
cuit. Therefore, if this component were 


7 


a 
- 


Ss 


applied to the L, C, circuit, the resulting — 


current would increase indefinitely. In 
fact, it is this component which has the 
most important effect in producing cur- 
rent. 

To get the effect of v,,, close the arti- 
ficial key of Figure 3 and apply such a 
voltage, other generators being shorted, 
the current is given by: 


ip = —(A/2)w?[2(2d+d?) | —(t/20)X 
cos (wt-+¢)+(1/4w2) sin (wt+¢)} — 
(Ro/wL)ho{ (t/2) sin (wt—¢)+ 
(1/40?) cos (wt—$)}] 


The components of 72 which do not con- 
tain the time ¢ can be included in is{ = 
A sin (wt+)} in which case A and ¢ 


will be different, but yet depend on initial 


conditions. Therefore, the components 
which contain the time ¢ will only be con- 
sidered. The effects of the components 
of v, of frequencies other than w/27 on 
the current fundamental can be neglected 
so long as each of (Ro/12wL)h, 
(Ro/16wL) hs, (Ro/12wL)3h3, and so forth, 


is much less than unity and which is_ 


satisfied in the present nonlinear prob- 
lem. 

Therefore, the fundamental component 
of the current 7, to a second degree of 
approximation may be given by, 


iy-+in= A {sin (ot-+$)-+ (2(2d-+d2)/4)wotX 
cos (wt-+¢)-+(Ro/L)hta(@/4)EX 
sin (t—)} (8) 


: 
ad 


Pen | 


Following the same lines, other ap- 
proximations can be obtained and which 
may be given by, 


is=A[{ (Ro/wL )ha(w/4)}?— 
{2(2d+-d?)/4} %0?] (12/2!) sin (wt+¢) 
ig= A [{ (Ro/eoL ho(w/4)} 2#— 

{2(2d+-d?)w/4} 2] (12/3!) x 

{2(2d+ d2)w/4) cos (wt+¢)+ 
i (Ro/wL)ho(w/4) sin (wt—¢)}] 
is=A [| (Ro/wL )he(w/4)}?— 

| 2(2d-+-d?)o/4} 2] 2(44/4!) X 

Sint" (Copa) ears eee eks 


Therefore, if each of 2(2d+d*)w/4, 
(Ro/wL)h, (Ro/wL) he, and (Ro/wL) hs, and 
so forth, is very small compared with 
unity, the fundamental of the current 7, 
to a satisfactory degree of approximation 
is given by, 


Vena =Uat tet ts 14+ I5+ Sa 
=A{14+(V/a)*02/2!)+ 
(Va )H/41)+ ....} sin (wt+¢)+ 
A{2(2d-+d?)w/4}(1/V/a){ Vat+ 
(Va)%(#/3!)+ .. .} cos (wtt+¢)+ 
A {(Ro/@L)(how/4)(1//a){ Vat+ 
(v/a)%(t2/3!)+ ....} sin (wt—¢) 
=A [cosh (+/at) sin (wt+¢)+ 
{(sinh (+/at))//a} {(2(2d+ 
d*)w/4) cos (wt-+¢)+(Ro/wL) X 

(haw/4) sin (wt—@)}] (9) 


where 


Va= (0/4) WV (hgRo/wL)?— {2(2d+-d2)} ? 


a@ may be positive, zero, or negative 
depending on whether (h2Ro/wL) is 
greater than, equal to, or less than 
2(2d+d*). The case where a is real and 
positive and hence +/a is the one which is 
useful in the present nonlinear problem. 
Therefore, this case will only be con- 
sidered in the present analysis. 

Equation 9 can be written as: 


tina = Biev% sin (wt+9')+ 
B.e-—V% sin (wit@”) (9A) 


where 


By=(A/2){1+(Ro/oL )haw/40V/a } X 
[(cos $/cos $’)+({1—(Ro/wL)X 
(hew/44/a)} /{1+(Ro/oL)X 
(how/4+/a)}) sin $/sin $’] 
Bz =(A/2){1—(Ro/wL)hyw/4*/a} X 
[(cos ¢/cos $’)—({1+(Ro/wL)X 
(hw/40/a)} /{1—(Ro/wL) X 
(hyw/4/a)}) sin ¢/sin $’], tan 9’ 
=2(2d+d?)/{(4~/a/w)+(Rohs/wL)}, 
and tan $” = —2(2d+d?)/ 
{(4V/a/w)—(heRo/wL)} 


The angles ¢’ and ¢” are independent 
of the initial conditions, they depend only 
on the amplitude of variation f, and the 
amount of detune d. However, B, and 
Bz can be considered as constants de- 
pending on initial conditions. As Va is 


_ positive, then the term containing €— Vat 
in equation 9A can be neglected as it is a 


highly damped one and ty,,q can be 
satisfactorily given by, 


iq tna = Biev% sin (wt+¢’) (10) 


The harmonics other than the funda- 
mental as well as the zero-frequency 
component can be obtained either di- 
rectly from table term by term or from 
other predetermined harmonics, using the 
method of successive approximation, as 
follows: Replace C, and Ci, by a genera- 
tor of zero internal impedance and hay- 
ing an electromotive force 


= —{(1/C)+(1/Ci)} S tatimadt = 


—{ ByeVa'/~/1+-(a/w%) } x 
[{2(2d+d?)/20C,} sin (wt+¢’—6’)+ 
(1 Ro/2wL)(1/20C,) X 

{cos (2t-+¢’—0’)— cos (¢’—0’)} + 
(2h2Ro/2wL)(1/20C,) x 


{cos (3wt-+¢’—6’)— 

cos (wt—’+6’)} +(3h3Ro/2wL) X 

(1/2@C;) {cos (4wt+-¢’—6’) — 

cos (2wt—9’+0’)}+ ..... ]= 
Yon+vin+ventvsat ...... 


where tan 6/=w/V/d. 

This voltage consists of components of 
frequencies zero, w/2m, 2w/2r, 3w/2r, 
and so forth, being equal to vo, vin, Ven, 
V3, and so forth, respectively. 

The effect of the component of fre- 
quency w/2m is included in the predeter- 
mined fundamental. The effect of com- 
ponents of frequencies zero, 2w/2r, 
3w/2m, and so forth, give the zero fre- 
quency, second, third, and so forth, har- 
monic current components respectively 
to a good degree of approximation so long 
as each of (hRo/wL), (h2Ro/wL), 
(h3Ro/wL), and so forth, is much less 
than unity. 

Therefore, the current 2, will be given 


by, 


iq = Byev% [—(Ro/2wL)hy.cos (¢’—0’)/2X 
{(Va/w)+o/Va} V 140/08 + 
sin (wt-+4/)—{-V/ Ma?+ Mye?X 
WV 40/2/20? +90'+10a02} X 
sin (2wt+6.+62’—y2)— 
{ V Mi?+ Nee? 90/0? [2X 
WV at+64e0*+20aw?} X 
sin (Bet-+6.+61'—vs)— feet Satie | 


where 


My=(1/V/ 144/0?)(I4+3h5)(Ro/20L) X 
sin (¢’—6’) 
N= —(1/V/ 1+4/00%)(In —3hs)(Ro/20L) X 
_cos (o’—0’) 
tan 6,= N2/ Mo, tan 62’ =2w/V/a, 3 
tan ~2=4wv/a/(a—3w?) 
Mg=(1/V/1 +4 /w*)(ho-+2hs)(Ro/wL) X 
sin (¢’—6’) 
Ny= —(1/-V1+0/00*) (Ig —2)(Ro/wL) X 
cos (¢/—0’) 
tan 6;= N;/ Mz, tan 03’ =3w/+/a, and 
tan ¥3=6w/a/(a — 8) 
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Figure 4. (+/a:—Ro/2L) versus time; 
interval t; contains several cycles of oscillations 


The charge is given by 

q= JS igdt = By/wv)€V4t [— {cos (g’ —0')/2X 
(1+a/w*)’*/*} (I Ro/20L)+ 
sin (wt-+¢$/—0’)/V/1+4/o2— 
{ ?V/ M?2-+ N2?/2/a2+9w+ 10aw?} x 
sin (2at+02—y2) — { w?/ Mg?-+ Ny2/2 X 
V 24 64e!+20a0?} X 

sin (8wt+6;—y3) — ....] 


Therefore, the charge Q of equation 5 will 
be satisfactorily given by, 

S —(Rt/2L) at 
Q=4e 
ite iors («3 n/n) sin nt) (11) 
Again, in the present nonlinear problem, 
hs and hy are small compared with h, and 
hy respectively. Also Va/w is very small 
compared with unity. Therefore, the 
charge Q is approximately given by, 


OX(B,/w)e'V4- 0/2) 31 _ (4 Ry /QaL) X 
cos (¢’—6’)+ sin (wt+¢’—6’)+ 
(1/3)(1Ro/2eL) cos (2at+¢’—0')+ 
(1/8)(heRo/2wL) 

cos (8wt+¢’—6’)+....} (12) 


Now, if the coefficients of variation /, 
ho, hs, and so forth, the frequency of varia- 
tion w/27, as well as the mean value Ro 
of the periodically varying resistance, 
also the capacity C, are not constants 
but slowly varying functions of time, the 
analysis will be modified as follows: Let 


Rr= Ro(1+hu cos wth: cos 2ayt+ 
hat cos B8ayt+ ca aca et) ) 


and 
oon? =1/LC, 


where Ry, hy, hy, h3,, and so forth, ; 
and wo, are very slow functions, that is, 
their variation per cycle of w/2m can be 
neglected. 

Therefore, for a small interval of time 


fy, corresponding to several cycles of oscil- 
lations, Ro, hu, ha, hist, oe ney Wy and Wor 
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Figure 5. Equivalent circuit of the oscillator 


can be considered satisfactorily constants 
during this interval and equal Roy, Ain, 
hat, Msty «+» +» @r, and wo, respectively. 
The charge Q can therefore be obtained 
from equation 12 as follows: 


Q=(Bi/eotn)€/¥2t — Rots/22)t 9g 
{ —(Rou/2uL yin cos (6’—6")-+ 
sin (wyt+¢’—0’)+(1/3) X 
(Rot, /2o1,L hat, cos (2wz,t+¢’ —6')+ 
(1/8)( Ron /2wnL hon X 
cos (Bwift¢’—O')+ ....... } 


where 


V/ an = (wr, /4) x te ete + 
WV (hot,Ror,/wyL)? — | 2(2d1,+d1,) ~ 
or, =n (1+dr,), 
tan $= 2(2dy+dz?)/{(4Van/on)+ 
(Rot,/wnL)hor,}, and tan 0 =0n/V ar, 


The charge Q given above is true for the 
time interval 4 which contains several 
cycles of oscillations. 

Now {(Va,—Ro,/2L)t} during the 
interval 4 represents the area of the rec- 
tangle abcd as shown, Figure 4. The 
actual area under the curve during the 
interval 


=b = 
a Ae (Vat— Roi/2L)adt 


Similarly, the actual value of w,f= 
J «dt. Therefore, at any instant the 
charge Q would be given by, 


O=(By/ey)eL Vat—Rot/2t) at 
[—(Ros/2erL hit cos (¢’ —6’) + 
sin {(fwdt)+¢$’—6'|} +(1/3)X 
(Rot/2arL hy, cos { (J 2edt)+ 
’—0'} +(1/8)( Ro/2erL )htorX 
cos {( fBwdt)+¢’—0’} + .....] (13) 


_ Now, equation 5, after modification by 
substituting Ro,, Aw, hy, and so forth, for 
Ro, In, ha, . . . ., respectively, is similar to 
equation 4 with the substitution of Q, 
Ro, L, and C for v, G,, C, and L respec- 
tively. Also, the assumptions made for 
the solution of equation 5 are satisfied 
in equation 4. However, the voltage » 
must be of the same form as assumed and 
which is v= V; cos wi+ ..., therefore, a 
possible solution for equation 4 can be 
obtained from equation 13 provided 
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o'—0'=7/2, giving 
tan ¢’= —cot 6’, that is, 


2(2d+d?)/{ (4-Va1/w) + 
(Gi/wC hor} = —V/ar/o 


and 
d= —(1/8){ (G:/wC)har} ® 


But, (G;/wC)hy is very small, and there- 
fore 


(1/8) { (Gi/wC hay } > 


can be neglected, giving, d=0, and 


ww», therefore, 

p= Agelt/20) S (a? —@— (3/4) Wit = (6/8) Vt —... Jat 
{cos wt—(1/6wC)(28Vit+3n Vie+....)X 
sin 2wt—(1/8wC){ (3/4)y Vi2+ 
(5/4)¢Vi+ ...} sin38et—....] (14) 


where, a’=—a, ww and A,=a con- 
stant depending on initial conditions= 
amplitude of oscillation at start. Equa- 
tion 14 shows that the oscillation starts 
from purely sinusoidal form. As the 
amplitude V, increases, the amplitudes 
of harmonics increase, being functions of 
the fundamental amplitude. 


BUILDING UP oF OSCILLATION 


Oscillation builds up according to, 


V, = As 3 elitist 
where 


F,=(1/2C){ «’ —G—(3/4)yVi2— 
(5/8)¢Vit— ....} 


The rate at which the oscillation builds 
up is 


dV; /dt= { (a’ —G)/2C} [1— { (8y/4)/X 
(a’—G)} Vi2— 
{ (5¢/8)/(e' —G)} Vit— ....] (15) 


STATIONARY STATE OSCILLATION 


The amplitude of oscillation at any 
instant ¢ is given by, Vi,=A,el Pt, 
For small values of V;, F, is positive and 
the oscillation builds up from the small 
starting value A,. As time goes on, 
0 F,dtincreases, and hence V, increases, 
however, at the same time, F, reduces. 
Therefore, /F,dt tends towards a con- 
stant value, in which case, stationary state 
takes place and V, becomes V. There- 
fore, at stationary state, § F,dt=con- 
stant= V/A,, and F,= F=0. 

Alternatively, at stationary state, 
dV,/dt=0, but V,=A,yeS™, that is, 
log Vi;=log A,+f Fd, differentiation 
gives, (1/V,)(dV,/dt)=F,, and hence at 
stationary state F,= F=0. 

Therefore, stationary state occurs when 
F=0, that is, 


(3/4)yV?+(5/8)¢ VA =a'—G 


giving the possible stationary ampli- 
tudes. - 
If three terms in the power series of 7, 


are only used, the stationary fundamental — 


amplitude will be given by 
V=V (a! —G)/(3y/4) 
and equation 15 becomes, 


dV,/dt= {(a'—G)/2C}(1— Vi2/V2).... 


(15A)_ 


giving 


Vise ee ere 
V (1+ {(V2/A52)—1} e — C/I at -@), 178 


and which are in agreement with those 
obtained by van der Pol.4 The voltage 
v across the oscillatory circuit at the 
stationary state will be given by: 


v= V[cos wt—(1/6wC)(28BV+3nVI+ ...)X 
sin 2wt—(1/8wC){ (87/4) V2+...} 
sin 38ef+ ...] 


THE EQUIVALENT CIRCUIT 


The differential equation at the station- 
ary state can be obtained from equations 
4 and 16 with the substitution of V, Ay, 
and so forth, for V;, /y,, and so forth, 
respectively and which is, 


Cd2v/dt?+ { (3/4) V2+(10¢/8) V+...) x 
(1+h cos wit+2 cos 2wi+ ..)X 
dv/dt+v/L=0 (17) 


Therefore, the electron tube when used 
as an oscillator is equivalent at the 
stationary state to ‘‘a periodically varying 
conductance’, which depends on the 
amplitude of oscillation, and which is 


G'eq= —GH { (8/4) V2+-(10¢/8) V+...) X 
(1+h; cos wt+2 cos 2wi+ ...)= 
—G+Garer. 


and its average value 


ahaa ave. —G+ { (8y/4) vi-+ 


(10¢/8)V4+ .. Ai = —G--Gigtarkne \ 


(18) 


The equivalent circuit at the stationary — 


state is given in Figure 5. 


DIFFERENT CONDUCTANCES 
OF THE CIRCUIT 


From the differential equation 4, the 


/ Ware 
Gstat ave hy cos oo . 


ONE COMPLETE CYCLE OF —>! 
OSCILLATION i 


Figure 6. Different conductances of the — 


oscillator at the stationary state 
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total average conductance of the circuit 
equals 


G' tor. =Gtat(3y/2)V2+(15¢/8)Vi+ ... 


and which is composed of three parts: 

(1) The part due to load=G. 

(2) The part which remains during 
stationary  self-oscillation=Gstat, avg. = 
(38/4)yV?+(10/8)¢V4+ . . ., obtained 
from equation 18. 

(3) The remaining part =G’tot,— (1) — 
(2) =G’avg. = — a’ + (3/4)¥V? + (5/8) 5 V4 
-+-.... From equation 16 Gay, =—G, 
therefore, G’ayg. is negative and conse- 
quently it is termed ‘‘the average nega- 
tive conductance’. It completely bal- 
ances the positive load conductance. 
G' avg. plays an important part in discuss- 
ing the stability of oscillation. 

The different conductances of the cir- 
cuit at the stationary state are given in 
Figure 6, where, 


Gytat. =conductance of the electron tube at 
the stationary state 
= {(3/4)yV2+(10/8)¢V4+ ....}X 
(1+, cos wt+2 cos 2wt) 


and 
Iy =(28V+3nV3+ » MLB/AyV2+ 
(10/8)¢Vt+....} 
Gotat. avg. = average value of Gotat. 
=(3/4)yV2+(10/8)¢Vit+ .... 


Gavg.’ = = 


The full line gives the conductance at 
the stationary state Gstat, it is periodic 
and has a negative value during a part of 
the cycle of oscillation. 


CONDITION OF STABILITY OF OSCILLATION 


The stationary amplitudes of the 
Fundamental V can be obtained from 
equation 16. Whether these amplitudes 
occur in practice or not depends on their 
stability. 

Now, v=4,e4" (cos wt + ....). 
Near the stationary state, V,— V and 
F,— F(=0) and ef” — V/A,. At the 
stationary state, V,=V, F,=F=0, and 
— /7 — constant = V/Ay. Therefore, 
the condition for stability is: If there 


Simple synchronized oscillator, 
polarized potentials omitted 


Figure 7. 


is a slight increase (6V) in the 
possible stationary amplitude V, then 
the increase (6/) in F must be negative, 
that is, F must be reduced from its sta- 
tionary value which is zero in this case, 
to a negative value, otherwise, ef” 
would increase beyond V/A, and hence 
the amplitude would rise indefinitely 
which is contrary to the fact, and vice 
versa. Therefore, the condition for sta- 
bility is dF/dV <0. 
As 


F=(1/2C){ a’ —G—(3/4)yV?— 
(5/8)¢Vt— ..... ) 
=(1/2C)( Se —G)} 


Therefore, the condition for stability is: 


{(8/2)yV+(6/2)¢Ve+ ......... \>0 or 
d(—1/G'.,)/dV>0 


that is, when the rate of change of the 
average —ve resistance with respect to 
time the amplitude is positive. 


Synchronization 


The second nonlinear problem to be 
discussed is the behavior of a synchronized 
oscillator to an external electromotive 
force. Figure 7 shows a simple triode 
oscillator acted upon by an external 
source e, of amplitude / and frequency 
w/2z, in series with its inductive branch. 
Near resonance, the amplitude E would 
be very small compared with the ampli- 
tude of the plate voltage v. Therefore, 
the plate current 7, can be represented as 
a function of plate voltage only as follows: 


t= ad But yue-. 


According to Kirchhoff’s Ist law, 
21t=0 at point P, therefore, i¢+%¢+ 
tp tiz,=0, tc, tg, ty, and iz, have the 
same indications as before. Now, v= 
L(di,/dt)+e, and i,=(1/L) fvdt— 
(1/L) f edt substitution and differentia- 
tion gives: 


d*y/dt?+(— a +26+3-yv*)(dv/dt)+ 


20 = w?* € 


where (Gta)/C=—a, y/C=y and 
6/C= i. 

If synchronized oscillation is only 
present, whether the system is in the 
stationary or transient state, the output 
voltage will generally be of the form 
v=b, cos wt+ .... and the synchronizing 
voltage of the form, e=E cos (wt+¢,) 
where both b, and the instantaneous phase 
angle ¢, are slowly varying functions of 
time compared with the frequency of 
oscillation. 

Therefore dv/dtA—bw sin wt, and 
e=E cos (wttd)Ak;,{v cos $,+(dv/de) 
(1/w) sin di}, where k,=E/b,, it is also 
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Figure 8. Equivalent circuit of the synchro- 
nized oscillator 


a slowly varying function of time. 
Substitution in the differential equa- 
tion gives: 
d*v/dt?+(G,/C)(A+Mz cos wt+ hy, cos 2wt) X 
du/dt+-wo20=0 (19) 


where 


G,/C= —ay — (w?/w)ki sin di +(3/2)yib:2, 
hyt=2Bbi/Gt 
hop =(3/2)-ybi?/Gt, won? = wo(1—Rx cos $4) 


and G;,, hy, he, Rr, @or and qd; are very 
slow functions of time compared with the 
frequency of oscillation. 

Again, it is assumed that the amount of 
nonlinearity is small and which is 
equivalent to saying that the signals are 
assumed small. Therefore, as in the 
previous case, the assumptions made for 
the solution of equation 5, after modifi- 
cation by substituting Ro, Ai, hy, and 
so forth, for Ro, M4, he, and so forth, re- 
spectively, are satisfied in equation 19. 
But, the voltage v of equation 19 must be 
of the same form as assumed and which is 
v=b, cos wit ...., therefore a possible 
solution for equation 19 can be obtained 
from equation 13 provided ¢’—0’=7/2, 
that is 


2(2d-+d?)/{ (4V/at/w)+(G:/wC)har} = _ 
FF Vai/w, 
and 


= —(1/8)(haGi/wC)? 


But, (/,G,/wC) is very small, and there- 
fore (1/8)(hyG,/wC)? can be neglected, 
giving 


d=0 and w?= wo? = a*(1—k; cos $1) (20) 


and 
v=AsX 
(1/20) Sf cx! — E+ (e20?/co(Che sin pe — (8/4) yds? }dt ye 
{cos wt —(1/3)(B/wC)b; sin 2at — 


(3/32)(y/wC)bi2 sin 8ut—..... tO) 


A, is a constant depending on initial 
conditions, and e’=—a. Equation 20 
shows that k, cos ¢,=(E/b;) cos ¢:= 
1—(w?/ap?) =constant, showing the form 
of variation of the phase angle between 
the output voltage and the synchronizing 
source. 
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STATIONARY STATE 


Stationary state occurs when db,/dt=0. 
But, b,=A ef" and (1/b,)(db,/dt) = 
F,,, and hence stationary state occurs 
when F,,=F,=0. Therefore, at station- 
ary state, b,=b, kx=E/b, ¢,==phase 
angle between the output voltage and 
the synchronizing source at the stationary 
state, and 

=(1/2C){ a’ —G+(wo?/w)(E/b)CX 

sin ¢—(3/4)yb?} =0 (22) 


If E=0, the circuit oscillates freely with 

frequency w/2m and with amplitude do 

given by eh ee! substitu- 

tion in equation 22 gives, 

(o/b) sin = —{(a’—G)/C} X 
{1—(b?/bo?)} = — an | 1—(67/bo") } 


and a=(a’—G)/C. When (b/bo) >1, 


(23) 


sin @ is positive and vice-versa. Also 
wo?(1—k cos ) =w?, giving 
2( wy —w) =Z=(wpH/b) cos = 

amount of detune (24) 


Equation 24 shows that as the fre- 
quency of the synchronizing source 
w/2m is varied, there is a relation between 
this variation and the phase angle ¢. 

Again, as w varies from <w)—a— 
>, varies from 0 +7/2— =m. 
Elimination of ¢ between equations 23 
and 24 gives: 


b2{ 22+ ay2(1—b2/bo2)?} = ey? E? (25) 


Equation 25 gives the ranges and ampli- 
tudes of synchronization at the stationary 
state when only forced oscillations are 
present, and it is the same as that ob- 
tained by van der Pol.‘ 

Again, at the stationary state, the 
voltage v will be given by: 


v=b{ cos wt—(1/3)(6b/wC) sin 2ut— 
(1/8)((ee’ —G)/wC)(b?/bo?) X 


sin 830f— ...} (26) 


The amplitude 6 can be obtained from 
equation 25. 


THE EQUIVALENT CIRCUIT 


The differential equation of the syn- 
chronized oscillator at the stationary 
state can be obtained from equations 19, 
22, and 24 with the substitution of 6, hy, 
and so forth, instead of b;, /,, and so forth, 
respectively, and which is, 


Cd*v/dt?+ {(3y/4)b?-+28b cos wt+ 


(3-/2)b? cos Qwt} du/dt-+-(1/L)X 
(1—2/w)v=0 (27) 


Therefore, the electron tube when used 
as a synchronized oscillator is equivalent 
at the stationary state to a “‘periodically 
varying conductance” Geq.s. shunted by 
an inductance Leq.s., Figure 8, where, 


Geq.s. = —G+(387/4)b? +286 X 
cos wt+(3y/2)b? cos 2wt, and 
Teecm = — pl /2= wo /2(w — wo) 


The natural frequency of the circuit com- 
posed of L, C, and Leq.s. is equal to the 
frequency of oscillation w/2r. 


CONDITION OF STABILITY OF OSCILLATION 
From equation 21 
y= Agel “8 {cos wt— ... \ 
where 
Fot=(1/2C) { a’ —G+ooCkiX 
sin $:—(3y/4)b2} 
At the stationary state 


Fyp= Fs =0=(1/2C){ a’ —G+woCkX 
sin ¢—(37/4)b?} 


As F, is responsible for the stability 

criterion as shown in the case of free 

oscillation, special consideration will be 

given toit. At 

b>bo, sin @ is +ve and F;=(1/2Cb?) x 
[woCEb sin ¢—b2Cay{ (b2/bo2) —1}] 


(28) 


but woCEb sin @~EI, sin ¢=2(power 
given by the synchronizing source) = 
2Psource, and the source in this case de- 
livers power to the system. 06?Ca4 
{ (b?/bo?) —1} =2(average power in the 
rest of the system) =2P system. Therefore, 


F,=(1/2Cb*)2{ Prource —Peystem } 
=(1/2Cb?)2P ret 
where Pyet=net power in the system. 

Now, the stationary amplitudes 5b of 
the fundamental can be obtained from 
equation 25. Whether these amplitudes 
occur in practice or not depends on their 
stability. But b,=A,e/"*, near the 
stationary state, b;—b and F,,—F,(=0), 
and e/ "s"_4)/4,. 

At the stationary state b,=b, Fy,=F,= 
0, and e/**“’_}/4,=constant. There- 
fore, the condition for stability is: 
If there is a slight increase 6b in the 
possible* stationary amplitude b, then 
the increase 6F, in F, must be 
negative, that is, F, must be reduced 
from its stationary value which is zero 
in this case to a negative value, other- 


*By possible is meant a solution for equation 25, 


wise e/*%' would increase ‘beyond 
b/A, and hence the amplitude, ‘would 


rise indefinitely which is contrary to the — 


fact, and vice-versa. 
condition for stability 
negative, that is, 


is 6F,/65b is 


equations 23, 24, and 28 we get: 
— {1/eu(1—b?/bo?)} { 2?+-a42(1 —b2/by?) X 


(dF,/db) <0**, using — 


Therefore, the _ 


(1—3b2/bo2)} >0 ; 


and as b> bo, therefore, the condition of 


stability is: 
{ 52+ ay?(1 —b?/bo?)(1 —3b2/bo2)} >0 


However, at b<bo, sin ¢@ is negative, 


let sin ¢=—sin ¢’ and sin ¢’ is positive, 
giving 
F;(sin @—ve) =(1/2Cb2) X 
ben C(1 —b?/by?) —wCED sin o'} 
= (1/2Cb?)2 { Pronian =Pingeh = —F; 
(when sin ¢ is positive) 


and the source in this case absorbs 
power, which is the reverse of the case 
when sin ¢ is +ve. 


Therefore, the condition for stability is: 


(dF/sdb)(sin @ being —ve)>Of 
and which gives 
{22+ an?(1 —b2/bp?)(1 —3b?/by?)} >0 


Therefore, 
stability is 


{ 22+ ay(1 —b2/bo?)(1 —3b2/bo?) | >0 


the general condition for 


and which is identical with that obtained 


by van der Pol.4 


**Alternatively, as Fs=(1/2Cb?)2Pnet, 
dFs/db = (1/Cb?) (dPnet/db) —2(Pnet/Cb*) = (1/Cb*) 
(dPnet/db) — (2Fs/b) = (1/Cb?)(dPnet/db), therefore 
the condition of stability is (dPnet/db)<0. 


+This means that the condition of stability is 
till (dPnet/db) (sin ¢ is —ve)<O and Pnet = Psource — 
Paystem = — (Psystem — Psource)- 
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Measurements and Tests ona Power 


Line Carrier Relaying System 
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HE USE of power line carrier con- 

trolled relay systems, to provide high 
speed and simultaneous tripping of faulted 
transmission lines, has come into general 
use in the past few years. Incident to 
the application of carrier to this service, 
new problems have been encountered, one 
of which is the fact that the critical time 
for the operation of the carrier equipment 
is during the time of the fault. If, as is 
generally the case, power arcs are a result 
of the fault, carrier frequency voltage 
components are produced and propagated 
along the transmission line to both carrier 
receiver terminals, and, if these noise volt- 
ages are sufficiently great, then the re- 
ceiver relay tube may be energized and 
block tripping at a time that the trip cir- 
cuits should operate. Another factor is 
that noise components, due to power sys- 
tem distrubances, may be sufficiently 
high to make it impossible for the relay 
carrier receiver to determine whether a 
signal is being received from the remote 
terminal. 

Prior to the placing into service of 
carrier controlled relay equipment on the 
220-kv transmission network of the Pacific 
Gas and Electtic Company, staged fault 
tests were conducted to determine that 
the relay equipment, with its associated 
carrier control, would function satisfac- 
torily under all foreseeable conditions. 
The conducting of the fault tests pre- 
sented an opportunity to investigate the 
amount of noise to be expected under 
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fault conditions, and the effects of such 
noise on the performance’ of the relay 
carrier equipment. This paper discusses 
the methods used and the results ob- 
tained during the staged fault tests. 


Staged Fault Tests 


The carrier controlled relay system 
being used on the Pacific Gas and Elec- 
tric Company 220-kv transmission net- 
work uses conventional distance relays, 
and is arranged for automatic reclosure 
on ground faults and single-phase faults. 
The first lines using this equipment are the 
four parallel transmission lines between 
Shasta Substation at Cottonwood, Calif., 
to the Vaca-Dixon Substation near Vaca- 
ville, Calif. The distance between these 
two points is approximately 140 miles, 
and the four circuits are carried on two 
twin-circuit steel tower lines, on the same 
right of way. In order to produce the 
faults for the tests, a structure was set up 
adjacent to the first tower north of the 
Vaca-Dixon Substation, and connected to 
the Shasta-Vaca 2, 220-kv line. Arrange- 
ment was made to produce either ground 
faults or single-phase faults and equip- 


} 
| 


ment was set up to observe the operation 
of the carrier relays and the automatic re- 
closing equipment under the two types of 
fault conditions. 

The test work done on carrier noise was 
of course incidental to the relay and re- 
closing tests. This paper will be devoted 
entirely to the carrier noise measurement 
and results; and the other aspects of the 
tests will not be discussed at this time. 

One problem that immediately pre- 
sented itself was that of obtaining oscillo- 
graphic records of the carrier operation, 
and to distinguish between the remote and 
local transmitters in order to determine 
that the equipment was operating in 
proper sequence. As single frequency 
equipment is normally used for control of 
relays, the carrier receivers accept signals 
from both the local and remote trans- 
mitters and, if the signal from the remote 
transmitter is adequate to saturate the re- 
ceiver, no indication is available of the 
actual sequence of operation of the two 
transmitters. 

In order to obtain records of carrier 
transmission and to distinguish which 
transmitter terminal was transmitting, as. 
well as to obtain a record of possible inter- 
ference due to power-arcs or the arcing of 
disconnects, an arrangement was set up 
to obtain all of this information on a 
single element of a string oscillograph. In 
order to distinguish between the local and 
remote transmitters a carrier frequency 
voltmeter (tunable vacuum tube volt~ 
meter) was connected across the relay 
carrier receiver input terminals. The 
carrier frequency voltmeter is tunable be~ 


220 KV TRANSMISSION LINE 


Figure 1. Block 
diagram of test set 
up for obtaining 
oscillographic _—re- 
cord of relay carrier 

operation = 
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Figure 2, Oscillogram showing noise inter- 
ference due to arcing of disconnect switch 
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Figure 3, Oscillogram showing difference In 
level of local and remote carrier transmitters 


tween 20 and 500 ke and is sensitive to 80 
milliwatt, and pro 
vides a rectified dee output, As the dee 
output of the carrier frequency vollineter 


decibels below one 


is insufficient to operate a string oseillo 
graph element, special d-c amplifiers were 
built and calibrated with the output of the 
voltmeters, A block 
diagram of this setup is shown in igure L, 


carrer frequency 
The d-e amplifier was made linear over a 
8O-decibel range of signal level into the 
carrier frequeney voltmeter and provided 
sufficient output to give an adequate de 
flection of the oscillograph element, The 
oscillograph was calibrated to pive a 
‘’yineh deflection on the trace for local 
transmission and the remote transmitter 


1 


then pave approximately ‘4 ineh of de 


flection, ‘This calibration was well within 


the linear characteristics of the instru 


ments so that any noise or other inter 
ference that might exceed the carrier level 
would show up as an increased detlection, 
Preliminary tests, 
220-kv 


disconnecting switches, which indicated 


to the staged fault 
noise tests were made by arcing 
that under these conditions the noise in 
terference might be as much as 80 decibels 
above the strongest carrier signal Ng 
ure 2 shows an oscillogram taken with 
disconnects areing and with the local car 
rier transmitter both on and off, The 
lowest trace on the oscillogram is that of 
the element connected to the carrier fre 
Figure 4 (below), Oscillographic record of 
relay carrier operation during staged fault tests 
TRIP zone; | ft} 
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quency voltmeter, In the section marked 
(1) the local carrier transmitter was on 
and the noise peaks extended above the 
carrier to the dashed line marked (8), In 
the section marked (2) the carrier trans- 
mitter was off and only noise was re- 
ceived, 

Figure 8 shows the definite indication 
obtained for the conditions of local and 
remote carrier transmission, ‘The oscillo- 
graph trace is adequately marked so that 
it is self-explanatory, 

Figure 4 is an oscillogram of the opera- 
tion of the carrier during the fault tests, 
On the trace marked Special Receiver the 
point (1) is at the time of initiation of the 
power are at the fault, At this time the 
local transmitter came on and turned off 
at point (2) to permit tripping of the oil 
circuit breaker, At point (8) the remote 
transmitter came on momentarily; this 
was a false operation which was later cor- 
rected, but for the purposes of this paper 
the carrier operation is indicated more 
clearly than in any of the other oscillo- 
so that this picture was 
discussion, 


grams available, 
selected for The section of 
the trace indicated between the bracket 
(4) shows the noise during the time the 
Due to the 
false operation mentioned above, the Vaca 
breaker reclosed into the fault and the lo- 


power are was maintained, 


cal carrier transmitter came on momentar- 
At point (5) the 
local transmitter went off and tripping of 


ily due to this reclosure, 


both ends of the line was accomplished as 
shown at point (6), Of particular inter- 
est is the fact that the most severe noise 
after both circuit 
breakers opened, apparently due to the 
discharging of the line, 


interference occurred 


This same result 
was observed during several other tests 


and would indicate that the most severe 


nm 
i) 
So 
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Figure 5 (right), i 

Block diagram of | J $ APPROX, 
test set up for meas- E + 3 

uring cartier fre- | = 3* Be 
quency noise during i pet ane 


fault conditions 
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noise interference to carrier operation will 
occur after circuit breaker operation, 
when relaying has already been accom- 
plished, However, such noise interfer- 
ence might affect relay operation on an- 
other line if it was faulted during the per- 
sistance of the noise. 


Measurement of Carrier Frequency 

Voltages Due to Power Arcs 

ee 

In connection with the tests outlined 
previously, it was considered desirable to 
obtain a measurement of noise magnitude 
at carrier frequencies, due to faults on the 
220-ky line under test. Preliminary 
tests were conducted by arcing oil circuit 
breaker disconnects and measuring the 
high frequency components of voltage, 
through a capacitance potential divider, 
by means of a vacuum tube voltmeter, 
Such an instrument accepts a very wide 
band of frequencies, and the results of this 
preliminary test indicated that the over- 
all summation of high-frequency compo- 
nents of such an are was in the order of 
70,000 volts. 

In order to get some idea as to the dis- 
tribution of noise voltages in the carrier 
frequency spectrum, due to line faults, 
and as limited by available measuring 
equipment, a test setup was made at the 
Vaca terminal of the Shasta-Vaca number 
2 line on which the staged fault tests 
mentioned were being conducted. The 
test equipment consisted of a capacitance 
potential divider, five carrier frequency 
voltmeters, tuned to 50, 75, 100, 125, and 
150 ke and with their detector load resis- 
tors connected across the vertical deflec- 
tion plates of cathode-ray oscilloscopes. 
Figure 5 shows a block diagram of the test 
setup. Details of the capacitance poten- 
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capacitance potential 
used in carrier noise tests 


ve LINE WIRE ERE Figure 6 (left). Schematic diagram 
of 
001 


9,000 OHMS 


_O 
45002 TO TEST Figure 7 


O EQUIPT, 


SHASTA 


dividers 


E=E,+E; (1) 
. . . . . . . . . . 4 =Xe 
tial dividers used at both ends of the line _ resulting in transients with quite differ- 7,~¥,, 
are given in Figure 6. Prior to conduct- ent components. , 
ing the tests the oscilloscopes were cali- From the tests described previously, it EB, IXs OfG C 
brated with signal generators and their was possible to determine that all of the - eter et AES = 
gain adjustments were then left fixed. relay carrier equipment was operating ieee _ m 
No horizontal sweeps were used, so that _ satisfactorily under conditions simulating anf 
the deflections due to the noise voltages actualoperation. The results of the tests EewE Cr (2) 
appeared only as vertical traces, and were _ brought out some difficulties in the carrier ine G 
visually observed. String oscillograph equipment which were corrected prior top _ I(R)+R2)=IR 
elements would have been more desirable; —_ placing the equipment into service. ; 
however, all available units were in use in The measurements of noise magnitude En at Ri 
other phases of the tests. should not be considered as being exact 2a JR: 
From the data collected during the determinations, but rather are indications Rak Ri 
fault tests, it was possible to calculate the of the order of magnitude of voltage that ap ree anes 
voltages appearing on the line in each of will appear across the input terminals of Ry i 
the bands accepted by the carrier fre- carrier receivers during fault conditions. E,= Em +7 En ~in( 1+) (3) 
quency voltmeters. Calculation of the It is hoped that further investigations will : : 
voltage ratios of the capacitance poten- be made in order that more factual in- from equations 2 and 3 
tial dividers are given in Appendix I, and formation will be available to engineers Ry ‘ah Ry 
a tabulation of the results are given in  Tesponsible for the application of carrier E=Ep \ 1+ RIC +m \ 1+ R, 
. . ay. Bs: 2 | 1 
Table I. No noticeable deflection was equipment on high-voltage transmission 
; . R : 
obtained at 75 kc and, as can be noted __lines. E=Ep, (14+ ‘\( “41) (4) 
from the tabulation, the voltage relations A dix: i 7\ G3 
: ‘ ppendaix . ; 
at the various frequencies were rather For the Vaca-Dixon substation 
tandom. ps as probably due to the fact The calculation of carrier frequency volt- a 9,000\ / 0.08 
that on the different faults the are started — ayes due to line faults on 220-kv fault tests  2=2m i Rao FL 
at different points on the voltage wave, (see Figure 7): i ; 
E=Ep,(1+2)(30+1) 
where 
Table |. Tabulation of Carrier Frequency Noise Voltages Due to Staged Faults on 220 Kv , ‘ 
T inn ine C,=0.001 microfat ad 
ransmi C,=0,03 microfarad 
a = —— = R= 13,500 ohms 
Test No. 1 Test No. 2 Test No.3 Test No. 4 Test No.5 R,=4,500 ohms 
Z Freq., Time Time Time Time R».=9,000 ohms 
Location Ke 8:40 am 11:15am 2:00 pm 3:30 pm * , 
— : ~ —— aT —_ from equation 4 above 
Calibrated Scope Readings in Volts E=93En: 
Vaca-Dixon,........ DO rxr tela SOR er ee Tay hala «'s asco w alia d Ta One 
( 75 | For Shasta Substation 
LOOM oa. caomaren erences Racine or btn Diy eras 3B 
“ewe ee oe aa Ba Bp, (1442500) (0.006, | 
Reese 15 Bee ns he SG Ts Se ee La ees on eae 4,500/ \0.001 
Calculated Carrier Frequency Voltages on Power Wires E= Era( 1+1 6+ l ) 
Vaca-Dixon.,........ oe Bate: RarT) STOKE ute RBs cing ae RR wx prs, F< 279 where 
ge Yate ae ole 2 Oa At Ribas: ee C,=0,001 microfarad 
ee ea) it az, O79... sac cies 279 C,=0.006 microfarad 
LOTT oan e DED Gn ae 115 Re IRIN ORI ENC co], CCE WOR teen trortt Lye 7 R,=4,500 ohms 
AAS ee DUD) geic'anttese tale, €eeso NORMS (circ iel ee Ser cit erature eevee a Rs =4,500 ohms 
Action of Line Oil Switches ‘ 
Kind of Arc from equation 4 
Vaca-Dixon Test No. Shasta at Vaca-Dixon 
OO dhe! oe DETR eet i clos.c eee OP iste iets, < 9.07.5 See ete Long E=14En 
OMICS tins lsc cep eskalntes Des tAT ORR RETA ce Ee as OG, 54 ni ons ea Short 
TE ae RO eR Cee atc ost oh teen (OOM Per ert is idewia cone Short & 
OO" see i eee 4 cus ke eo aieetate ta valees vies cia NC 5 wice eias dear aaa meetin se Short 
Code: O=Open, C=Closed, F = Failed to close. No Discussion 
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The Linascope Transmission Line Fault 


Locator 
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Synopsis: A pulse-type echo ranging fault 
locator has been developed which is suitable 
for locating sustained faults on telephone 
and power transmission lines. A number 
of these instruments have been in service 
for several years. They have been used to 
locate a wide variety of power and telephone 
line faults with significant reductions in 
service interruptions and economies in line 
patrolling. 

Before a new circuit is energized it may be 
tested with the linascope to ensure that all 
construction grounds haye been removed 
and that all transpositions are correct. 
Telephone circuits also may be tested to 
locate sources of mismatch which introduce 
transmission losses. 

An automatic fault locator has been de- 
veloped, which operates on the same princi- 
ple and which automatically records the 
locations of sustained or transient power 
line faults. 


HE Hydro-Electric Power Commis- 

sion of Ontario operates some 6,000 
miles of 230- and 115-kv transmission cir- 
cuits over an area of 100,000 square 
miles. 

Many of these circuits traverse in- 
accessible bush in areas where severe sleet 
and wind conditions often occur in winter 
and where poor grounding conditions cre- 
ate vulnerability to lightning in summer. 
Faults are held to a low incidence by ade- 
quate design and maintenance and most 
faults which do occur are due to lightning 
and are nonsustained. Manual or auto- 
matic reclosing is usually successful. 

A significant number of sustained 
faults do occur as a result of various fac- 
tors. 

These faults often occur during 
adverse weather conditions when patrol- 
ling and line-testing is difficult and haz- 
ardous and when the power demand is at 
its peak. 

The Commission also operates 7,500 
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miles of telephone transmission circuits 
which normally share the power line 
right-of-ways. These telephone circuits 
are much more susceptible to faults and 
service interruptions are frequent in un- 
favorable weather. 

The linascope fault locator has been 
developed by the Research Division of the 
Hydro Electric Power Commission for lo- 
cating sustained faults on long open-wire 
telephone and transmission lines. It op- 
erates on an echo-ranging technique simi- 
lar to radar, locating a fault by measuring 
the time taken for a short-duration elec- 
trical pulse to travel along the transmis- 
sion line to the fault, to be reflected from 
it, and to return to the test terminals. 
Several years’ experience with a number 
of units has established that the linascope 
is capable of accurately locating a wide 
variety of line faults. Significant econo- 
mies have been effected by the reduction 
of service interruptions and line-patrol- 
ling. 

An automatic fault locator working 
on the same principle also has been de- 
veloped. This instrument is permanently 
connected to the transmission line through 
a carrier coupling capacitor. Transient 
as well as sustained faults are recorded 
automatically by obtaining the linascope 
record while the fault current is still flow- 
ing. 


Sustained Fault Locator 


The sustained fault linascope is about 
the size of a portable oscilloscope. It 
may be operated from a 115-volt a-c sup- 
ply or from a battery-operated vibra- 
pack. A 5-inch diameter cathode-ray 
tube displays a horizontal trace on which 
distance is proportional to the distance 
along the circuit under test. A selection 
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of ranges from 10 to 300 miles is provided. 

A vertical pulse at the left side of the 
trace corresponds to the test location. 
The fault pulse appears on the sweep at 
a position corresponding to the fault loca- 
tion. A pulse of opposite polarity to the 
test-location pulse indicates a short-cir- 
cuit fault, whereas one of the same — 
polarity indicates an open-circuit fault. 
The amplitude of the fault pulse de- 
pends upon the fault impedance and 
upon the distance. A pulse also may 
appear corresponding to the line termina- 
tion or a junction point. Small pulses 
also appear which indicate the locations of 
transposition towers. 

An amplitude switch is provided to ad- 
just the fault-pulse amplitude to a conven- 
ient size for observation. A dark spot 
on the horizontal trace can be moved 
along by means of a precision ranging 
control. This spot is aligned with the 
fault pulse and the mileage can then be’ 
read off the control to an accuracy of one 
per cent of full scale. Line and ground 
output terminals are provided for use on 
power lines while a balanced line-to-line 
output is available for use on telephone 
circuits. Filters are provided to elimi- — 
nate interference from nearby energized 
power circuits. | 

The instrument is shown in Figure 1. — 
Twelve of these units are in use by the — 
Commission and are located at key sta- 
tions in the various operating regions. 
The instrument is maintained and oper-_ 
ated for both power and telephone line | 
faults by the regional communications 
maintenance staff. 


Operating Procedure 


The safety of operator and instrument — 
is an important consideration especially — 
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Portable linascope in use 


Figure 1. 


because the tests are usually made under 
emergency conditions. Adequate pre- 
cautions must be taken against the possi- 
bility of the line under test becoming en- 
ergized by such causes as accidental clos- 
ing of a circuit breaker, contact with an- 
other power circuit, induced currents from 
an adjacent energized circuit, or light- 
ning. 

When the linascope is being used the 
far end of the circuit under test may be 
left solidly grounded. This ground ap- 
pears on the linascope trace as a short-cir- 
cuit pulse and may be used to check the 
instrument calibration against the total 
circuit mileage. The linascope output 
circuit includes a telephone-type carbon 
block and fuse protector which will oper- 
ate to ground the test terminals in the 
event of moderate overvoltages. This 
protector affords sufficient protection for 
use on telephone circuits particularly 
since exposed telephone circuits are nor- 
mally provided with grounding transform- 
ers and short-circuiting protectors which 
may be left in service while the linascope 
tests are made. 

When a power circuit is under test, 
however, additional precautions are nec- 
essary and a special grounding reactor is 
provided with the instrument. This 
reactor has an impedance of less than 5 
ohms to the power frequency but is equiv- 
alent to an open circuit to the linascope 
pulse. It is of lightweight construction 
for portability and measures about one 
foot square. However it is of adequate 
size to handle normal induced currents 
from adjacent power circuits and has been 
used satisfactorily on a circuit paralleled 
for several hundred miles by three ener- 
gized 230-kyv circuits. The reactor is 

ppidged by a rugged gap set to a flashover 


of about 1,000 volts. 


In practice the power circuit is handed 
? 


a ~ 
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over for test, isolated, and grounded at 
bothends. One terminal of the reactor is 
grounded and the other is connected to 
one phase of the faulted circuit by using a 
switch stick. Connection is made from 
the reactor to the linascope terminals by 
means of a long flexible extension. When 
the connections are completed the station 
grounds are removed at the test terminal 
and the linascope trace is then examined 
to identify the fault and to measure the 
distance to it. Each phase is checked in 
turn in a similar manner. Best results 
are obtained when the two phases not un- 
der test are left grounded. 


Certain types of faults produce a large 
fault-pulse which can be identified very 
readily. Other faults may produce low- 
amplitude fault-pulses which are more 
difficult to identify from among the small- 
amplitude pulses always present from 
transpositions and line irregularities. 
Some faults cannot be located at all. 

Faults which produce large pulses easily 
identified include broken conductors, 
parted conductor joints, and phase wires 
shorted together or touching a steel sky- 
wire, tower, or other well-grounded me- 
tallic object. A small pulse is produced 
by a phase conductor down off one or 
more towers and close to or touching the 
ground and by a green tree in contact with 
a conductor. Those faults which can be 
identified only rarely or not at all include 
cracked insulators unable to withstand 
rated voltage, a conductor down on a dry 
wood cross-arm and a tree within arcing 
distance of an energized conductor. In 
general it may be said that to permit a 
ground fault to be identified with ease, it 
must have a resistance of less than 1000 
ohms as measured at low voltage; an 
open circuit fault must have a resistance 
higher than 10 ohms (which rules out the 
detection of high resistance joints). 


The linascope record is shown in Figure 
2 of a double phase-to-ground fault which 
occurred on the 303-mile Leaside-to- 
Beauharnois 230-kv circuit. An aircraft 
severed the two skywires which dropped 
on the phage conductors to produce a 
white and blue phase-to-ground fault. 
The aircraft was not damaged! The 
fault echoes appear at 111 miles on the 
faulted phases and an induced pulse of 
lower amplitude also appears on the un- 
faulted red phase. The closed grounding 
switches at Beauharnois are indicated 
clearly on the unfaulted phase and slightly 
on the faulted phases. Note that the 
polarity of the transmitted pulse at Lea- 
side is downward. It is of large ampli- 
tude but is clipped to the same size as the 
echo pulses so that the positive overshoot 
or “tail” is accentuated. The trans- 
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mitted pulse is reflected from the fault a 
second time producing a second fault echo 
at 222 miles. Some transpositions are 
visible faintly. The fault was located 
within two spans of the calculated dis- 
tance. 

For the recognition of borderline cases 
it is of great assistance to have some 
knowledge of the normal appearance of 
the circuit. Photographs are taken of 
the linascope trace when the circuit is in 
good operating condition. These may be 
used for reference when one is trying to 
locate a fault. A conventional oscillo- 
graph camera is used for this purpose. 
Typical records are shown in Figure 3, of 
the 200-mile Westminster (Buchanan 
Transformer Station)-to-Minden 230-kv 
circuit. They were taken with a higher 
sensitivity than the fault records of Fig- 
ure 2 so that the transposition echoes 
appear clearly. An echo also appears at 
121.2 miles from the station bus at the 
Essa Transformer Station. 

Once the procedure becomes estab- 
lished the faulted circuits can be made 
available and checked within half an 
hour. A topographical map having all 
circuits marked is kept with the instru- 
ment. The mileage is scaled off and the 
geographical location is given to the repair 
crew. The accuracy of fault location is 
within 1 per cent of the line length, which 
is quite adequate in practice. 

It should be noted that the linascope is 
suitable only on single circuits or on 
circuits with a limited number of taps. 
A distribution system or a low-voltage 
network with a large number of taps and 
junctions produces a corresponding num- 
ber of large echo pulses. The fault pulse 
is then difficult to identify. Since the 
pulse may have travelled by various 
paths it would be necessary to do consid- 
erable sectionalizing to remove all ambi- 


guities. On telephone circuits the oper- 
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LEASIDE FAULT 2ND BEAUHARNOIS 
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Figure 2. Linascope fault record 
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ating procedure is much simpler. The 
Commission’s telephone circuits are pro- 
tected at all terminals with grounding 
transformers and short-circuiting protec- 
tors. The operator simply connects the 
linascope directly to the line terminals by 
using rubber gloves. When the repair- 
man is dispatched to the fault he can be 
“talked in’’ to the exact location if he has 
difficulty in locating it. On arriving 
near the fault the repairman calls the 
linascope operator, using his test set. 
They can usually converse with the lina- 
scope operating. The test set connection 
shows up on the linascope and the opera- 
tor can then direct the repairman closer 
to the fault. The linascope pulse is of low 
amplitude and very short duration and 
is not hazardous. 


Operating Experience 


Considerable operating experience has 
been accumulated with the 12 units 
which have been in service for periods 
from several months to three years. 
Several hundred telephone circuit faults 
have been investigated, with over 90 
per cent of the operations successful. 
Power line faults checked on 44, 115- and 
230-kv circuits have totalled over 20 with 
about 60 per cent of the operations suc- 
cessful. 

The power-line faults located have in- 
cluded conductor to skywire, conductor to 
guy wire, and conductor to conductor con- 
tacts; conductor down off one tower; 
faulty carrier coupling capacitor; and a 
conductor broken at a strain insulator. 
These faults were located at distances 
varying from 0.5 to 111 miles on circuits 
from 10 to 300 miles in length. Power- 
line faults not located included trees 
against the conductors, a tree within arc- 
ing distance of the line, and faulty pro- 
tective relays. 

The experience with telephone faults 
has been better than with power circuits. 
A ground fault will not cause a telephone 
interruption unless down to a few hun- 
dred ohms, which is readily located with 
the linascope. On telephone circuits echo 
pulses appear from transpositions, taps, 
changes in line spacing or conductor size, 
and joints. These echo pulses are signifi- 
cant in that they indicate sources of mis- 
match where signal attenuation is intro- 
duced. The instrument has been used 
extensively to locate such points of mis- 
match and to reduce losses. High-resist- 
ance joints have been located and re- 
paired, reducing circuit loop resistance 30 
per cent. A length of several hundred 
feet of drop wire left tapped to a through 
circuit after a construction camp had 
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moved away, was identified. In one 
case a fishing line was entwined in the tele- 
phone conductors, producing noise, al- 
though it did not completely interrupt 
service. Numerous cases of multiple 
faults have been checked. During a 
heavy wind storm an intermittent short 
was produced at one point while an inter- 
mittent open occurred further along the 
line. 


Both of these faults showed at the 
proper locations on the linascope trace, 
appearing and disappearing as the faults 
came on and off. Some telephone circuit 
faults are difficult to detect without 
careful inspection. The ‘‘talking-in” 
technique has proved to be very useful in 
a number of such cases. In one case a 
patrolman was guided back and forth 
over five spans several times before a 
cunningly concealed short was discovered. 


In addition to locating power line faults 
the linascope has been used to check 
phasing on nearly a thousand miles of 
new 115- and 230-kv circuits. Before the 
circuit is energized each phase is inspected 
in turn with the instrument. Any con- 
struction grounds left on the circuit are 
located. The terminal-to-terminal phas- 
ing is checked by having grounds applied 
and removed on each phase in turn. 
Small echo pulses appear from each 
transposition. A pulse of open-circuit 
polarity occurs when the phase conductor 
moves to a position of decreased line-to- 
ground capacitance, whereas one of short- 
circuit polarity occurs when the capaci- 
tance is increased. Noting the location 
of each of these pulses enables the correct 
location of each transposition to be 
checked and observation of the pulse po- 
larities determines the roll of each phase 
at each transposition. Thus the one test 
confirms absence of construction grounds, 
correct over-all phasing, and correct roll 
at each transposition tower. The first 
two tests were formerly made with a Meg- 
ger, but this involved working with the 
line open-circuited and introduced the at- 
tendant difficulties of induced voltages 
from adjacent circuits. In one instance a 
set of construction grounds was located 
one span from the far end on a 214-mile 
230-kv circuit. In another case a phas- 
ing error was disclosed and the transposi- 
tion tower at fault was identified. 


It is of theoretical, though of little 
practical interest, that conductor gallop- 
ing can be detected and located with the 
instrument. In a staged test one span 
at mileage 12 on a 34-mile 115-kv circuit 
was made to gallop. The point of gal- 
loping was located, the amplitude and 
rate could be measured, and it was also 
possible to observe the mode. 
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Record of unfaulted circuit showing 
transpositions 


Figure 3. 


Technical Description of Instrument 


The linascope generates repetitively a 
short-duration low-voltage pulse which is 
connected to the line under test. The re- 
turn pulses from the line pass through an 
amplifier to the vertical deflection plates 
of a cathode ray tube. A linear sweep is 
generated as each pulse is transmitted. 
Thus each echo pulse appears along the 
cathode-ray tube screen at a position pro- 
portional to its location along the line. 
The mileages can be read off the linear 
sweep with a calibrated scale. Greater 
accuracy however, is achieved by using 
the range marker. This circuit produces 
a short duration pulse at an adjustable 
time after the transmitted pulse. This 
pulse is applied to the intensity grid of 
the cathode ray tube to blank out the 
trace momentarily. The time interval is 
adjusted by means of a potentiometer 
calibrated directly in miles. The dark 
spot is moved along to align with the 
fault pulse and the distance is read off the 
calibrated dial. 

A block diagram is shown in Figure 4. 
The square-wave generator is a free run- — 
ning multivibrator which produces a volt- 
age wave which is alternately zero and 250 
volts for equal periods. 


ticular range (10 microseconds per loop 
mile). 
other circuit functions. 

It operates the sweep generator to pro- 


duce a linearly rising voltage wave which ~ 


This square wave controls all — 


The repetition — 
rate is adjusted by means of the range — 
switch so that the voltage ‘“‘on’’ time is © 
equal to the pulse return time for the par- — 


! 


| 


| 


is amplified and connected to the cathode 


ray tube deflection plates. An “X-_ 


Gain” and an ‘‘X-Shift’’ control are pro- i 


vided, so that if desired the sweep can be * | 


es! 
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Figure 4. Linascope block diagram 
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enlarged to several times the cathode-ray 
diameter and then centered to permit 
examination of any particular portion of 
the range in detail. 

The front edge of the square wave is 
used to trigger the transmitted pulse. 
A short time delay is inserted between 
the square-wave edge and the pulse initi- 
ation so that the pulse is positioned 
slightly to the right along the sweep. 
The transmitted pulse is generated by 
allowing a condenser charged to 300 volts 
to discharge through a thyratron into the 
line impedance. Thus the output pulse 
has a steep front and an exponential tail. 
An output pulse of 5 microseconds dura- 
tion is used on the 100- to 300-mile 
ranges and of half a microsecond duration 
on the 10-mile range. The attenuation 
in going along the line is increased as the 
pulse duration decreases, while the preci- 
sion of measurement is increased with a 
short duration pulse. The 5-microsecond 
pulse, equivalent in duration to half a 
mile of line, has been found to be a suit- 
able compromise. 

A 600-ohm matching resistor is in- 
cluded in the output to match the circuit 
under test. If the circuit under test is 
not matched at the transmitting termi- 
nal, multiple reflections occur. An echo 
pulse returning to the transmitting 
terminal is again reflected, travels to the 
fault and again returns. Thus a fault 
echo may appear several times at multi- 
ples of the true distance. This effect ap- 
pears in Figure 2 where a second fault re- 
flection appears. The line impedance 
may vary from a few hundred to a thou- 
sand ohms. Other equipment connected 
to the terminal contributes to the termi- 
nating impedance. On a 3-phase circuit 
it is impossible to obtain a perfect match 
without terminating all three phase con- 
ductors. Thus the 500-ohm terminating 
resistor provides only an approximate 

atch and so multiple reflections do oc- 

cur, in many cases. However, it is not 
considered necessary to add the complica- 
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tion of an adjustable matching termina- 
tion. 

The return echoes pass through the re- 
ceiver amplifier and are amplified to a 
convenient size for observation on the 
cathode-ray tube. A gain switch pro- 
vides gains of 1, 30, and 1,000 so that 
pulses as low as 10 millivolts can be ob- 
served. Large echo pulses are limited to 
a certain maximum amplitude. Thus in 
Figure 3 the transmitted pulse and the 
echo from the end of the line appear to be 
only slightly larger than the transposition 
echoes although they are actually nearly 
100 times greater. In order to reproduce 
the echo pulses faithfully the receiver 
amplifier must have a wide band width. 
To reproduce the 5-microsecond pulse the 
amplifier must respond to frequencies up 
to several hundred kilocycles. Since the 
instrument is connected to a long open- 
wire line, interfering voltages may appear 
from various sources. The amplifier 
includes a bridged-T filter tuned to the 
power frequency to eliminate interfer- 
ence from induced power-frequency volt- 
age. A radio broadcast station close to 
the line may create interference. A filter 
is provided which may be tuned to the 
frequency of the interfering station. In- 
terference is less with the far terminals 
grounded than with them open. 

The range marker is generated by the 
leading edge of the square wave in a phan- 
tastron circuit. In this circuit a con- 
denser charges at a constant current so 
that the voltage rise is linear, until the 
voltage equals the setting on a precision 
potentiometer. A regenerative action 
then takes place to produce the marker 
pulse. A 10-turn helical potentiometer 
is used which is linear and accurate. 
Precision components and temperature 
compensation are provided so that the 
calibration remains accurate within 1 per 
cent of full scale despite variations in 
supply voltage and in ambient tempera- 
ture. By providing the time delay before 
the transmitted pulse the lowest portion 
of the range marker is not used, since in 
this region it does depart slightly from 
true linearity. A calibration adjustment 
is provided so that the range marker can 
be calibrated from time to time on a cir- 
cuit of known length. 


Theory of Operation 


A short-duration voltage pulse travels 
along a transmission line with little at- 
tenuation and distortion and at a speed 
very nearly that of light (186,000 miles 
per second or roughly 0.1 loop mile per 
microsecond).. When the pulse reaches 
an impedance discontinuity an echo pulse 
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is formed which returns at the same speed. 
The pulse is reflected with reversed polar- 
ity from a short circuit and with the 
same polarity from an open circuit. 

In calculating the transmission of a 
steep-fronted wave along a transmission 
line it is necessary to take skin effect into 
account. The problem as applied to 
lightning surge transmission has been 
considered in some detail by the British 
Electrical Research Association... The 
wavefront is flattened in travelling along 
the line and the voltage e at a distance x is 


=1(1-0f —=— 
20/t—x/v 


where 


E=initial amplitude of 
wave in volts 

x = distance in centimeters 

t=time in seconds 

v=velocity (nearly that of light) centimeters 
per second 

erf =error function 

o=factor for the line construction 


square fronted 


The linascope uses a_ steep-fronted 
wave with an exponential tail of time con- 
stant T seconds. As the wave travels 
along the line the front is flattened, the 
tail is lengthened and the peak value is 
attenuated. By a series of approxima- 
tions the attenuation for the exponential 
pulse may be expressed as 


29X10 ; : 
— decibels per mile 
VT 


where TJ is the time to half value for the 
initial wave. 

The value of o to be used for a single 
line with line return is 


Rae 
(HAE UE = 


Z Vp 


where 


p=resistivity in ohms per cubic centimeter 
a=conductor radius in centimeters 

R=d-c resistance in ohms/loop centimeter 
Z=surge impedance in ohms 


For two 795,000 circular mil steel- 
reinforced aluminum cable conductors 
spaced 25 feet o,=4.9 X 107". For a 5- 
microsecond pulse the attenuation is 
0.064 decibel per mile. For a single line 
with earth return a similar expression for 
a is used which gives for the same conduc- 
tor spaced 60 feet above earth of specific 
resistivity 10,000 


oe=5.1X107° 


This leads to a value of attenuation of 6.6 
decibels per mile. 

For a 3-phase circuit in which the lina- 
scope pulse is applied to one conductor 
the attenuation will be between the above 


two values. The pulse transmission in 
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this case is best analyzed following the 
method or Bewley.2 The main wave 
travelling down the one phase and the 
induced waves in the other phases may 
be considered as composed of components 
of two types which travel at the same 
velocity. One component is equal in all 
three phases, is propagated between the 
phase conductors and earth, and has the 
high attenuation factor o,. The other 
component is transmitted between phases, 
adds to zero for the three phases, and has 
the low attenuation factor o,. For a 
typical 230-kv circuit the wave on the 
transmitting phase is made up of about 
0.47 of a wave of the first kind plus 0.53 
of a wave of the second kind. 

The two attenuation factors cannot be 
added since the maximum values for the 
two components occur at different times, 
the first component being rounded more 
rapidly. It can be seen that the initial 
attenuation rate is high because the com- 
ponent of the first kind is rapidly attenu- 
ated. In three miles the first component 
has attenuated to one tenth its initial 
value while the second component has 
been attenuated only a few per cent. 
Thus the transmitted wave is down to one 
half its initial value in the first three 
miles. Thereafter the rate of attenua- 
tion is much lower, being about 3 decibels 
(one half) for each subsequent 50 miles. 
For a 1-microsecond pulse an attenuation 
of 3 decibels occurs in the first mile and 
thereafter every 20 miles. 

At a change in line impedance from Z; 
to Z, such as occurs at a transposition a 
pulse of amplitude E, is formed 


For a 3-phase circuit Z; and Z, may be 
calculated using the method of Maxwell 
Coefficients. For a typical 230-kv cir- 
cuit of horizontal construction Z;=Z3;= 
463 ohms (self impedance of outer con- 
ductors) and Z,.=450 ohms (inner conduc- 
tor). Hence the reflection on going from 
an inner to an outer position is 


Er =0.013E1( =40 decibels) 


Transposition echoes are of short circuit 
polarity, open circuit polarity, and almost 
zero respectively as the conductor goes 
from outer to inner, inner to outer, and 
outer to outer positions. 

The reflection at a ground fault of re- 
sistance R ohms is given by 


Er I 


ered 7 
2R4+Z 
For the foregoing circuit, a fault of 17,000 
ohms resistance will produce a reflection 
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pulse of the same amplitude as a transpo- 
sition. This is about the limit in sensitiv- 
ity in practice. 

For the two cases described the re- 
flected pulse is of the same waveform as 
the incident pulse. In the case of a 
lumped capacitance C and with a steep- 
fronted incident wave the reflected pulse 
is 
Ep = —exp(—2t/ZC) Ex 


Thus the reflected pulse is of the same 
amplitude as the incident wave and of 
time constant ZC/2. Since the incident 
wave front is rounded in practice the re- 
flected wave front is also rounded and of 
lower amplitude than the incident wave. 
A line down off one tower and within one 
foot of the ground for a distance of 100 
feet may be considered to act as a lumped 
capacity of 0.0005 microfarad. A reflec- 
tion of time constant 0.1 microsecond will 
occur at such a fault. 

From the foregoing analysis the over- 
all attenuation to the linascope in detect- 
ing a borderline fault at the extreme range 
of 300 miles and using a 5-microsecond 
pulse is as follows: 


—— 


Decibels 

Transmission attenuation 3 decibels for 

first 3 miles and for each 50 miles 

therealtet.s cinee.nsccackapie iareldeiie ein sinite 36 
Attenuation at transpositions (complete 

roll.every 25:miles) her nites eerie eek 1.6 
Attenuation at fault (0.013 reflection)....... 40 
otal attendee cyte sialon serene & avis ents 78 


With a transmitted pulse of 100 volts the 
received pulse is 10 millivolts. 

If the linascope pulse is transmitted on 
more than one phase of a 3-phase circuit 
some interesting effects are observed. If 
there is a single phase-to-ground fault on 
one phase and if connection is made to 
that phase an echo pulse —Ep is ob- 
served. If connection is made to either 
one of the other phases the echo pulse ob- 
servedis +0.5 Ep. If connection is made 
to one faulted and one unfaulted phase, 
the echo pulse observed is —0.5 Ep 
(=—Ep+ 0.5 Ep). If connection is made 
to the two unfaulted phases the echo 
pulse is Ep(=0.5 Ep+ 0.5 Ep). If con- 
nection is made to all three phases the 
echo pulse observed is zero (= —Ep+ 0.5 
E+ 0.5 Er). This feature is utilized in 
the automatic linascope. 


Automatic Linascope 


The pulse-type fault locator may be ex- 
tended to the automatic recording of the 
location of sustained and transient faults 
on important high-voltage transmission 
lines. Such instruments have been de- 
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veloped by the Bonneville Power Admin- 
istration and by The Hydro-Electric 
Power Commission of Ontario and have 


been described before previous meetings — 


of the Institute. 

In this system the instrument is oper- 
ated and the fault pulse is recorded before 
the circuit breakers have time to inter- 
rupt the power flow to the arcing fault. 
Connection is made to the energized cir- 


cuit by using a carrier coupling capacitor 


and the instrument operation is initiated 
by means of the station fault relays. This 
method ensures that the fault location is 
recorded even if the fault is nonsustained. 
It has been seen that the sustained-fault 
linascope is unable to locate sustained 
ground faults of high impedance. With 
the automatic instrument this restriction 
is removed since most faults have an im- 
pedance of less than 25 ohms,’ as long as 
the fault current is flowing. Thus the 
reflected pulse at an arcing fault should be 
0.9 of the incident pulse. 

An automatic linascope has been in 
service at the Leaside Transformer Sta- 
tion of The Hydro Electric Power 
Commission for several years. Arcing 
fault tests have confirmed the operating 
principles although they indicated the 
need for minor modifications. No actual 
fault records have been obtained. The 
instrument is coupled to the station 230- 
kv bus at which terminate four 230-kv 


circuits ranging in length from 50 to 300 _ 


miles. When a circuit fault relay oper- 
ates the linascope transmits five pulses in 
rapid succession within a period of 1/25 


second. The cathode-ray tube 300-mile ~ | 


sweep is synchronized to these pulses and 
the beam is brightened during this period 
so that the trace is recorded on a camera 
facing the tube. The instrument must 
complete its record before the circuit 
breakers interrupt the fault current. 

A train of several pulses is used in pref- 
erence to a single pulse for two reasons: 


1. Better probability of a large fault echo. 
One pulse may arrive at an instant of fault 
current zero. 


2. Improved discrimination against ran- 


dom pulses and corona noise. A random 


pulse caused by a lightning or switching | 


surge may be recorded on the film. This 


may be identified from the true fault echo ; 
because the latter, being repetitive, photo- — 


graphs much darker. 


The transmitted pulse is shaped to the 


form of a waveburst, or pulsed oscillation 


consisting of eight cycles at’a frequency of - 


250 ke. This is chosen in preference to 
the steep-fronted unidirectional wave 


used with the sustained fault locator. 
The burst may be tuned through the | 


coupling capacitor by using a series tunin: 


soe 


AIEE TRANSACTIONS — 


) - | 


- on both the white and blue phases. 


coil with little change in amplitude or 
shape. On the other hand the unidirec- 
tional wave is ‘‘differentiated’’ to a pulse 
of very short duration (1/2 microsecond). 
This short-duration pulse has given satis- 
factory service on lines 60 miles long. 
On longer circuits, however, the longer- 
duration burst is considered necessary to 
avoid excessive line attenuation. 

The Leaside installation uses a coupling 
capacitor on each of the white and blue 
phases of the station 230-kv bus. At this 

~ station only the red phases are fitted with 
power-line carrier equipments and with 
wave traps isolating each circuit from the 
bus. By coupling to the bus the pulse 
should be transmitted uniformly to all 
four 230-ky circuits although this point 
has not yet been checked experimentally. 
In the event of a white or blue phase-to- 
ground fault the burst is transmitted on 
the appropriate phase. For a red phase- 
to-ground fault the burst is transmitted 
This 
arrangement economizes on the use of 
coupling capacitors and avoids inter- 
ference with the carrier connections to the 
red phase. As discussed previously this 
connection produces a fault echo pulse of 
the same magnitude but reversed polarity 
to that which would appear if connection 
is made to the red phase only. 


Cable Linascope 


The sustained-fault linascope also has 
been applied to cable faults with some 
success. The pulse velocity varies on 
different cables and is about half that on 
an open-wire line. Therefore for ac- 
curate work it is necessary to calibrate the 
instrument against a known length of 
cable (for example, the echo from the far 
end) or to use the velocity tabulated in 
handbooks. Since short. lengths of cables 
must be tested and since accuracy within 
10 feet is required, the instrument gen- 
erates a short duration pulse lasting a 
fraction of a microsecond and utilizes a 
high-speed sweep of 4 microseconds full 
scale. 

In locating high-impedance cable faults 
the cable can be charged to a d-c voltage 
close to the breakdown value. The 
linascope pulse having an amplitude of 3 
to 10 kv is then superimposed on the d-c 
voltage by using a coupling capacitor. 
The additional pulse voltage may be 
sufficient to break down the fault and the 
echo pulse may then be observed readily. 


Conclusions 


The pulse reflection technique is finding 
increasing use in the location of trans- 


mission line faults. A portable model 
suitable for locating sustained faults has 
found successful application even though 
it is limited to low-impedance faults. 
The same principle has been applied to 
the automatic location of transient as well 
as sustained power-line arcing faults. 
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Static Magnetic Exciter for Synchronous 
Alternators 


H. F. STORM 


MEMBER AIEE 


Synopsis: The paper illustrates the appli- 
cation of the theory of electric machinery to 
the practical design of a static magnetic 
exciter. The basic exciter circuit is of such 
nature as to make the alternator (which is 
energized by the exciter) as much self- 
regulating as possible. Remaining devia- 
tions of the alternator voltage affect a volt- 
age-sensitive circuit which provides a cor- 
rection signal to the exciter. The energy for 
the exciter is obtained entirely from the 
alternator. With this system, no antihunt 
means are needed, and the steady-state 
alternator-voltage can be easily held within 
+().6 pet cent. The transient response is 
rapid and yet well damped. A short circuit 
of the alternator will not cause loss of 
excitation; as a matter of fact, during a 
short circuit the excitation becomes several 
times normal, a feature which is desirable 
for the selective tripping of protective 
devices. 


NE of the fundamental functions of a 
voltage regulator is to keep the ter- 
minal voltage of the alternator constant 
at various loads. In order to achieve this 
end, the excitation of the alternator must 
be adapted to the alternator line current 
in magnitude and phase. It has been 
shown! that the line-to-neutral voltage 
drop AE equals: 


AE=—jXI (1) 


where X, is the synchronous reactance of 
the alternator and J is the line current. 
Equation 1 assumes a cylindrical rotor, no 
saturation, and no resistance of the arma- 
ture winding. It is interesting to note 
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that a typical alternator has a voltage 
drop AE in the vicinity of rated terminal 
voltage when loaded with rated line cur- 
rent at zero power factor. This is a very 
large voltage drop by comparison with a 
d-c generator which has a typical regula- 
tion of only 4 per cent of rated terminal 
voltage. It follows that the excitation of 
an alternator has to cover a relatively 
wide range. Asa result, alternators usu- 
ally require high-gain regulators which 
often pose stability problems. The exci- 
tation system under description, however, 
avoids the need of a high-gain regulator 
by attempting inherent compensation for 
the voltage drop AE. 

In order to compensate for the voltage 
drop AE, the excitation is required to 
provide an inner (fictitious) voltage E;: 


E,=E,+jXsf (2) 


as shown in Figure 1. This inner voltage 
E; is proportional to the field (excitation) 
ampere turns J,lV;: 


E, =k(IyNy) (3) 


where I; is the field current of the alter- 
nator, Ny; the number of field turns per 
pole, & is a factor involving a number of 
machine constants, such as number of 
turns in the a-c winding, size of air gap, 
and so forth. 

When saturation is present, or for an 


Figure 1. Voltage vector diagram of idealized 
alternator with cylindrical rotor 
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“a 
i) 
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re 


a-c winding whose resistance is not negli- 
gibly small, or when the alternator is of 
the salient-pole type, deviations from 
equation 2 will occur. In order to correct 
for these deviations, means are provided 
which are discussed later in the text. 
Nevertheless, equation 2 remains of fun- 
damental importance for the compensa- 
tion of the alternator voltage drop AE. 


Voltage-Drop Compensation 


Voltage-drop compensation is obtained 
by a field current J, which is proportional 
to the magnitude of E;, which in turn is 
determined by the terminal voltage E; 
and the alternator current J as shown in 
Figure 1. 

In Figure 2 is shown a 3-phase alterna- 
tor, connected through three identical 
current transformers CT to the load. 
There are also three identical, linear re- 
actors X, which are interconnected with 


the secondaries of the current transform-— 


ers to three identical resistors R. These 
resistors symbolize the resistance of the 
alternator field and it will be shown that 
the current through the resistors R is pro- 
portional to Ej. 

Assuming a symmetrical 3-phase load, 


points 7 and 8 of Figure 2 will be at the — 


same potential as the neutral 0 of the al- 
ternator. By connecting 7 and 8 to the 
neutral 0, no changes in the system cur- 


rents will occur; the system, however, — 
degenerates into three single-phase sys- 
tems, Figure 3, which are simpler to 


analyze. 


The current transformer CT of Figure 3 | 
is shown by its equivalent circuit in Figure — 


4 when winding resistances and leakage 
reactances are neglected.? Resistor R is 


the same as shown in Figure 3 and X2 is” 


the magnetizing reactance of the second- 
ary of the current transformer CT. De- 


noting the turn ratio of primary to second- 


ary turns: 


N,/Ns =a 


becomes J’: — 


l'=al 


AIEE TRANSACTIONS 


(4) 
the alternator current J when referred to _ 
the secondary of the current transformer” 


(he 


The equivalent circuit of Figure 3 now 
is shown in Figure 5. The quantity to be 
determined is the current Jp which will 
finally appear to be proportional to the 
field current Jy. 

Acting in the circuit are the terminal 
voltage E, and the referred alternator cur- 
rent J-a. Accordingly, the current Ip can 
be seen to consist of two components of 
which Jp, is derived solely from E,, and 
Tp is derived solely from J: 


Ip=Ip.g+Te,1 (6) 


DETERMINATION OF Jp,z 


Assume J=O and apply Thévenin’s® 
theorem: with R disconnected, the termi- 
nal voltage E,-, between 2 and 0 is: 


X2 


Xi +X2 


E,.=E; (7) 

The source impedance X, as seen from 
the terminals 2-0, is equal to X; and X2 
in parallel: 


XX 
Sa 8 
XM +X2 Se 
The current Ip,z becomes: 
E,-o 
iho 2 ==> eee 
R,E Bh: *) (9) 
TR 
and substituting from equation 7: 
Xo 1 
In n=E, SS SSS} 
RE eon fm (10) 
_, Sees (11) 
= R 


The angle 6; is the angle from E, to Ip, z, 
Figure 6. 


DETERMINATION OF Jp, 


Next, assume E,=0 


Ip, ,;=al ks = : 
See /R)+(1/7X) SR (12) 
ai Se 
0€ 
and 
Pay 
le! (13) 
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ALTERNATOR 
Figure 2 (left). 


Figure 3 (above). 


R 
&=tanT)S (14) 
The angle 6, is from J to Ip, 7. 

It follows from equations 11 and 14: 
us 
62 =0,+ ) (15) 
If the current J is lagging the terminal 
voltage E; by an angle ¢, Figure 1, the 
angle between 7X ,J and E; equals: 
(16) 


a Bont 
Now let us determine the corresponding 
angle B between Jp, ; and Jp,z. If the line 
current J lags @ radians behind E;, Ip, 2 
lags behind E; by the angle 0,’: 


0! =—b=b +> —¢ (17) 


The angle 6 between Jp, ; and Jz x, Figure 
6, becomes: 


Tv 
la aa bears ot (18) 
This proves that: 
a=6 (19) 


which is a necessary condition for the 
similarity of the triangles OA B and OCD, 
Figure 6. 

By proper selection of Xi, Xe, and a, the 
ratio of Ip,;/In,, can be made identical to 
the ratio X,I/E,: hence the vector dia- 
gram OAB becomes similar toOCD. The 
resultant current Jp, equation 6, will 
therefore be proportional to the required 
excitation at/any terminal voltage and at 
any load. By rectifying the current Jp, 
the alternator field current J; is obtained. 


Correction Circuit 


The above field current J, will com- 
pensate for most of the inherent alterna- 
tor voltage drop, equation 1, but does not 
produce a perfectly constant alternator 
voltage, because an actual alternator de- 
viates to some extent from the assump- 
tions previously made; furthermore, the 
alternator field resistance is subject to 
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TO LOAD 


Three-phase network to reconstruct the internal 


alternator voltage E; 


Single-phase portion of 3-phase network of Figure 2 


Figure 4. Equivalent circuit for idealized 
current transformer CT of Figure 3 


ola: 


—— 


Equivalent circuit fot’ the ‘single- 
phase network of Figure 3 


Figure 5. 


Figure 6. Vector diagram of currents ob- 
tained from circuit shown in Figure 3 


I xl x2 


Schematic diagram of saturable 
current transformer 


Figure 7. 
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ALTERNATOR 


variation due to temperature changes, 
which also will affect the alternator termi 
nal voltage. In order to obtain the de 
sirable high degree of alternator voltage 
constancy, a correction consisting of a 
voltage-sensitive circuit is superposed on 
the excitation system.4 ‘This correction 
circuit modifies the magnitude of the cur 
rent J, and hence, the field current Jy, 
Because the excitation system (without 
correction) makes the alternator nearly 
self-regulating, only a small amount of 
gain now is necessary for the superposed 
As a result of this low 
gain, antihunt means are not necessary, 


correction circuit. 


The magnitude of Tp is determined 
trigonometrically from equations 6, 10, 
and 13: 

Xy ; 
“RX + Xa)! XX 
(1? a®l2X 2— 2ialX, sin hb) (20) 


T,? 


It will be observed that Jp varies with 
Xy. By applying d-c ampere turns to the 
current transformer CT of Figures 2 and 
3, saturation can be effected in the cores, 
resulting in a change of Ny and subse 
quently a change of Ip. 

A schematic diagram of such a trans 


Figure 8 (left), Cir- 

cuit diagram of static 

exciter, including 
correction circuit 


Figure 9 (right). 
Currentl, of correc- 
tion circuit as func- 
tion of alternator 
terminal voltage E 


former, called a saturable current trans- 
former and designated by S-C7, is shown 
in Figure 7, A 8-legged core structure is 
used, The primary a-c windings are be- 
tween terminals X/, and X2 and the 
secondary a-c windings are between ter- 
minals /// and //2, ‘The d-e control 
winding with its terminals F7/, F2 is 
wound around the center leg. Because of 
the polarities of the windings, the a-c 
fluxes of fundamental frequeney and 
higher, odd harmonies circulate between 
the outer legs, and no voltage of funda- 
mental or odd frequency is induced in the 
control winding.’ A group of three such 
saturable current transformers is shown 
in Migure &. 

The excitation circuit including the 
saturable current transformers is shown 
in Figure 8, Instead of having points 4, 
5, 6 connected to the resistors KR, Figure 
2, they are now connected to a 3-phase 
bridge rectifier / R/C which energizes the 
field of the alternator, ‘The control wind- 
ings of the saturable current transformers 
are connected in series and terminate at 
14 and 15, 

In order to stiperpose corrective action 
on the excitation system, the control 


Figure 10 (below). Alternator is suddenly loaded with one-half of rated 


current at a power factor of 0.4 inductive 


Figure 11 (right), Same loading as in Figure 10. Oscillogram istaken 
with suppressed zero line in order to amplify details 
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' 
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sulin = 


aoe apart ghee 


wie 


windings of the saturable current trans- fi 
formers are energized from a nonlinear — 
resonant circuit.” The single-phase volt- — 
age for the energization of this circuit may — 
be taken directly from one phase of the — 
alternator, or it may be obtained from a 
circuit which produces the average volt-_ | 
age of the three phases of the alternator. | 
The nonlinear circuit consists essen- | 
tially of a capacitor C, an iron-core re- | 
actor L, a rectifier 2. R/C which energizes — | 
the control windings of the saturable cur-_ | 
rent transformers, The current flowing | 
in this nonlinear circuit is shown in Figure — | 
9 as a function of the applied voltage. In yl 
the vicinity of A, which is the operating 7 
region, a small change in the alternator | 
voltage E causes a very large variation in | 
the current J,. If, for instance, the alter- 4 
nator voltage E increases, the current J, | 
in the nonlinear circuit rises sharply. — | 
This produces additional saturation in a 
saturable current transformers, resulting — | 
in a reduction of X»y, and hence in the de- i 
sired reduction of field current J), equa- i 
tion 20, In cases where the power output | 
of this nonlinear circuit is not sufficient t 
for its direct application to the saturable 
current transformers, a magnetic ampli-— 
fier may be interposed, | 


Performance 


The described static exciter has been — 
tested on a salient-pole alternator of the 
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Figure 12. A\lternator suddenly loses its load; the load consisted of 


one-half of rated current at a power factor of 0.4 inductive 


following description: 3-phase; fre- 
quency, 420 cycles per second; line-to- 
line voltage, 220 volts; rated current, 730 
amperes; power factor = 0.8 inductive; 
synchronous reactance, 0.89 per unit; 
leakage reactance, 0.22 per unit; open 
circuit field time constant, 0.25 second; 
field current for rated alternator current, 
80 amperes; field resistance at 25 degrees 
centigrade, 0.805 ohm; at 90 degrees 
centigrade, 1.03 ohms; air gap 0.091 inch; 
speed 1,800 rpm. 

Significant for the performance of a 
voltage regulator are: 


1. Steady-state regulation accuracy. 
2. Transient response. 
3. Alternator current during short circuits. 


Steady-State Regulation Accuracy 


The voltage drop of the alternator is 
shown in Table I. 


Transient Response 


The transient response of the system is 
demonstrated by the oscillograms shown 
in Figures 10 to 13. Figure 10 shows the 
generator voltage and the field current 
when the alternator is suddenly called on 
to provide half its rated load current at a 
power factor of 0.4 inductive. In order to 
observe more accurately the alternator 
voltage the same transient was repeated 


Table |. Steady-state Regulation Accuracy 
Power 
Alternator Load Factor, 
: Current Referred Induc- Voltage 
Type of to Rated Current, tive, Drop, 
Load Per Unit Per Unit Per Cent 
Three-phase.,....1.0. 0./75. 0.2 
ee-phase...... Ope,» o-croigke 0.06. 1.2 
mouree-phase......0.5 .....%...0.4 .... 0.5 
‘Single-phase...... (1) eee, 0.96....—0.18 


—— 
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by using a suppressed zero line’ for the 
alternator voltage, Figure 11. It will be 
seen that on application of the load the 
alternator voltage rapidly recovers and 
then approaches its sustained value in a 
highly damped manner. For instance, 
only 310 milliseconds after the inception 
of the load, the alternator voltage is al- 
ready within + 1 per cent of the final sus- 
tained value. Figure 12 shows the case 
where the previous load was suddenly re- 
moved. Here, the recovery to within + 1 
per cent occurs after only 130 milli- 
seconds. 


Short Circuit 


Another feature of this exciter system 
consists in its ability to maintain excita- 
tion under short-circuit conditions. This 
feature is important for the selective trip- 
ping of protecting devices. An oscillo- 
gram of a short-circuit test is shown in 
Figure 13; it will be observed that the 
alternator current increases to almost 
four times of its rated value. 

At the point of measurement, the alter- 
nator voltage did not quite reach zero be- 
cause of the impedance in the cables to the 
short-circuiting breaker. This residual 
alternator voltage, however, is only co- 
incidental and has no bearing on the basic 
performance of the system. 


Nomenclature 


a=turn ratio 

E,=inner (fictitious) line-to-neutral voltage 
of the alternator, in volts 

E,=\line-to-neutral terminal voltage of the 
alternator, in volts 

AE =line-to-neutral terminal voltage drop 
of the alternator, in volts 

I =alternator load current, in amperes 

=current in correction circuit, in average 

amperes 

I;=alternator field current, in amperes 
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Figure 13. Oscillogram of short circuit test 


=alternator load current, referred to 
secondary of current transformers, in 


amperes 
Tp =current in resistor R, in amperes 
jav-1 


N,, N2=number of turns of primary, second- 
ary, respectively, of current trans- 
former 

N;=number of turns per pole of alternator 
field 

R=resistance in a-c exciter circuit, repre- 
senting resistance of alternator field, 
in ohms 

X,=reactance of linear reactors, in ohms 

Xy=secondary magnetizing reactance of 
current transformers, in ohms 

X=reactance of X; and X, in parallel, in 
ohms 

X,;=synchronous reactance of alternator, 
in ohms 

¢=phase angle between E; and J, in radians 
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Determination of Reserve Capacity 
by the Probability Method Effect 


of Interconnections 


G. CALABRESE 


FELLOW AIEE 


HE importance of the allocation of 
from 
interconnecting two systems does not 
need any emphasis. Yet this allocation, 
like most answers to problems dealing 


the reserve savings derived 


with questions of reserve capacity, has 
been and continues to be based, more or 
less, on rules of thumb, In a paper pre- 
gented at the AJEE Convention in 
Chicago in 1947,! the author presented 
a general method for calculating the 
effect of interconnecting two systems on 
their reserve requirements, That method, 
based on the probability theory, permits 
evaluating the effect of interconnections 
on the degree of service reliability of the 
interconnected systems, It is on this 
effect that the allocation of the reserve 
derived from 
should be based, This, author's 
opinion, rational approach to the 
problem, 


savings, interconnections, 
in the 


is the 


In the same paper, and in other subse- 
quent publications, the author has 
introduced the coneept of loss of load 
probability for measuring service re- 
liability. In the general method above 
referred to, this is calculated on the basis 
of the actual daily maximum load dura- 
tion curves of the interconnected systems. 
Calculations can he simplified if the 
actual daily maximum load duration 
curves* of the two interconnected systems 
are replaced by straight lines or portions 
of straight lines. 

In this paper, the effeet of intercon- 
necting two systems on the degree of 
service reliability of each system is 


*See reference 3% for definitions, 
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further investigated, assuming straight 
line daily maximum load duration curves 
for both systems. In addition, the 
optimum interconnection capacity is 
determined on the same assumption. 


Allocation of the Reserve Savings 
Derived from Interconnecting 
Two Electric Power Systems 


The extensive development of inter- 
connections of electric power systems 
has been due to the advantages derived 
from them. On the economic plane these 
advantages are: 


1. Reduction in installed reserve. 

2. Reduction in spinning reserve. 
3. Economy loading. 

4. Staggering of capacity installation. 


The evaluation of the savings derived 
by each system from items 2 and 3 
is straightforward and need not be con- 
sidered here in detail. It consists in 
computing for each system the annual 
costs, under each item, with and without 
interconnection, the difference represent- 
ing the annual savings. 

The same general approach should be 
used in determining the ‘‘value’’ of the 
interconnection to each system from the 
standpoint of installed reserve capacity 
requirements. A and B are the two 
systems; Lam and Ly», respectively, their 
maximum loads, The subscripts ‘“a” 
and ‘bh’ are used to indicate quantities 
pertinent to system A and to system B, 
respectively, 

Let Poq and P,, be the probabilities 
of loss of load of systems A and B, 
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re a 


respectively, without interconnection. 


P.q and P,, may or may not be equal, 
degree of service 


depending on the 
reliability desired in each system. 

Let it be assumed, now, that the two 
systems are interconnected with an inter- 
connection of capacity R. Evidently, 


assuming no increase in the loads Lam 


and Lm, the service reliabilities of both 


systems will increase, that is, P,, and — 


P.» will decrease. 


decrease of the probability of loss of load 
for the two systems will not be equal. 


The long range effect, assuming that | 
P.. and P,, obtaining prior to the inter- | 


connection are satisfactory, is that the 


loads Lam and Lym can be increased with 


no additions to the installed capacity of 
either system. 


Starting with no interconnection and 


increasing the capacity R by small | 
these effects increase with 
the capacity R of the interconnection and 


increments, 


a point of maximum return is reached 


Unless, however, the 1 
two systems are identical, in general the 


beyond which any further increase of 


R will result in smaller and smaller 
incremental gains or even in no gains at 
all. From the reserve capacity stand- 


point there is thus a maximum practical 


limit for the capacity of the interconnec- 
tion. 
R to be exceeded on considerations other 


It is conceivable for this value of — 


than reserve capacity, such as may arise, — 


for instance, in 
stations with local loads when one station — 


is completely shut down during part of 


the day or of the year. Thus, from the 


interconnecting two ‘ 


; 
= 


reserve standpoint, the following ques- M4 


tions arise in interconnecting the two - 
systems: 


1. For any given value of R, eer 1 


constant loads, Lam and Lym, what is the — 
increase of the degree of service reliability — 
of each system? What is the optimum value 
of R, the capacity of the interconnection? 
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Figure 1. Assumed straight line load dura- 
tion curves for the two interconnected systems, 
A and B 


2. For any given value of R, assuming 
constant loss of load probabilities, P.g and 
P., by what amounts can the two loads 
Lam and Lym be increased without increasing 
the installed capacity of the two systems? 


questions have been 
answered, the determination of the 
value of the interconnection to each 
system, from the standpoint of installed 
reserve capacity, becomes relatively 
simple. 

Under 1, assuming that the loads 
remain constant, the probability of loss 
of load of system A decreases from Py, 
to P,q’. In order to attain the same 
_ decrease by installing additional capacity 
with no interconnection, system A should 
spend a sum S,. This sum then repre- 
sents the investment ‘‘value’’ of the 
interconnection to system A from the 
standpoint of reserve requirements. 

The total value of the interconnection 
to system A will be obtained by evaluat- 
ing, according to conventional engineering 
economics methods, the savings derived 
from the installed reserve requirements, 
as well as those derived from all other 
sources, such as reduction of spinning 
reserve, economy loading, and so forth. 
For system B the value of the inter- 
connection, from the standpoint of 
| installed reserve, and the total value, 
 imelusive of the savings from all other 


Once these 
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sources, are determined in a_ similar 
manner. The total savings for each 
system, and the grand total for both 
systems, can be plotted against the 
capacity R of the interconnection and 
the optimum value of R thus determined. 

If, on the other hand, both or one of 
the two maximum loads Ly, and Lym 
increase, the interconnection will permit 
staggering the installation of the 
necessary additional capacity and the 
savings derived therefrom must be taken 
into consideration. The installation of 
additional capacity will affect the ‘‘value’’ 
of the interconnection to each system, 
a fact that must be taken into considera- 
tion when the effect is appreciable. The 
determination of the ‘‘value’’ of the 
interconnection to each system requires 
a knowledge of their probabilities of loss 
of load with and without interconnection. 
The remainder of this paper will be 
devoted to the calculation of these 
probabilities 


Probabilities of Loss of Load 
with No Interconnection 


Referring to Figure 1, C, is the total 
capacity of system A, La, the maximum 
load, Ry. the peak time reserve, and 
Kalam the minimum load during the 
period under consideration, all in kilo- 
Watts (Gyr) Lams) a, ald JAglan are 
the corresponding quantities for system 


B. 


In Figure 1 it is assumed that the peaks 
of the two systems are coincident, that 
is, there is no diversity between them. 
This assumption is made to simplify 
calculations. In the more general case, 
as previously noted,! any diversity be- 
tween the two systems is taken into 
consideration by drawing the daily 
maximum load curves of the two systems 
in their proper relative position with 
respect to one another. 


The probability of loss of load of system 
A, with no interconnection (assuming a 
straight line daily maximum load dura- 
tion curve and a step outage probability 
curve) is given by: 


Pea= > bat = Pt Ak 


where the summations are extended to 
all capacity outages O, in excess of 
reserve and 


px=probability of a capacity outage exactly 
equal to Ox in system A 

P,=probability of a capacity outage in 
excess of O, in system A 

t.=time during which the load of system 
A exceeds Ca—Ox 

A,=time interval between two successive 
capacity outages Ox+1, Ox 
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The summations are extended to all 
possible outage values. 

If, in addition to using a straight line 
daily maximum load duration curve, it is 
assumed that the logarithm of the 
probability P, of capacity outages in 
excess of O;, varies linearly with O, for 
all values of Ox>Rgo, that is, if it is 
assumed that 


Pr=Age 7? 


where A, and a are constants, the prob- 
ability of loss of load Pg takes the form: 


Age tao 


oe ath eA Eant 


[ . e220. —la)Lam) 


where /, is the daily maximum load ratio 
of system A.’ Similar expressions may 
be written for system B by replacing the 
subscript @ ‘with the subscript 6, as 
already noted. 


Probability of Loss of Load 
with Interconnection 


The probabilities of loss of load with 
interconnection can be calculated ac- 
cording to one of the following three 
methods: 


1. The general method, using the actual 
daily maximum load duration curves in 
their proper relative positions. This 
method was developed in reference 1 and 
will not be discussed here. 


2. The probability of loss of load of either 
system is calculated, assuming straight 
line daily maximum load duration curves 
for both systems and no diversity between 
the two systems. The actual step curve of 
the probability of outages, in excess of the 
various capacity values of each system, is. 
used in the calculations. This method will 
not be discussed here. 


3. The probability of loss of load of 
either system is calculated assuming straight 
line daily maximum load duration curves 
for both systems with no diversity, as under 
2. In addition, it is assumed that the 
probability of capacity outages in excess of 
Ox in system A is given by Py=Agq €~ 2% 
and the probability of capacity outages im 
excess of Op) in system B is given by Py =A) 


a7 00d. 

It can be shown that, with this method, 
the probability of loss of load P of system 
A is given by: 


—a(Raoth 
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aL 
C2 C= 8) REST eR _y 
cea ban re B, }- 


Cy Ly 
‘ties ae ee 


Le 
—b12+0( i)e Ler 
Cre t 


be = lies (0+B))R 
Saha oss 


1019, 


+ eto 
where for brevity it has been put: 
L,=2(1—la) Lam 
L,=2(1—h)Lom 


C,=aAgAne BM e— hen 


Bee +52 
1=a I 


“1 


In actual calculations some of the terms 
in the above expression can be neglected. 


Maximum Value R,, of the 
Capacity of the Interconnection 


Assuming straight line daily maxi- 


mum load duration curves for both sys- 
tems and no diversity, the value of Ryo, 
required by different values of capacity 
outages O; in system A, is given by: 


Ox —Rao, for all outages Ox such that Ray < 
Oz < RaotRoo and by 


1—l)L 
Raptr oO ane 
(1 la) Lam 
for all outages 
ete (1 —ly) Lom 
(1—la) Lam 


Ox>RaotRoo 


These relations give the capacity Ryo 
of the interconnection required by any 
specific outages O;. The value of Rip 
increases with O,. However, as pre- 
viously noted, from a practical standpoint 
the capacity R of the interconnection 


need not be increased above the! value 
for which any further increase’ would _ 
result in a negligible reduction of the | 
probability of loss of load. In other 
words, in the determination of R only | 
those outages O, need be considered 
which have a relatively large outage 
probability p;,. 
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Synopsis: The growing need in science, 
medicine, and technology for intense sources 
of high-energy particles and other forms of 
ionizing energy is being met to an increasing 
extent by devices which depend upon elec- 
trostatic forces and principles. The vitality 
of these modern uses of ionizing energy and 
the unique effectiveness of the electrostatic 
accelerator in meeting their requirements 
are evident in such diverse activities as 
experimental nuclear research, the super- 
voltage X-ray treatment of disease, and 
the sterilization of biologicals and foods by 
streams of high-energy electrons. 


Nuclear Research 


IR ERNEST RUTHERFORD stated 

the needs of nuclear science in his 
presidential address to the Royal Society 
of London in 1928. ‘“‘I have long hoped,” 
he said, ‘‘for a source of positive par- 
ticles more energetic than those emitted 
from naturally radioactive substances.” 
The systematic investigation of nuclear- 
energy levels and neutron emission 
thresholds by bombarding elements with 
streams of protons (Figure 1), deuterons, 
photons, electrons, and neutrons is now 
one of the fundamental activities of 
nuclear physics. For precision work in 
this field the impinging particles are pref- 
erably nearly monoenergetic and must be 
continuously controllable over a wide 
range. For nuclear investigations re- 
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quiring exceedingly high energies, in- 
direct methods of particle acceleration 
must be employed as in the cyclotron, 
betatron, and synchrotron. The binding 
energies of most nuclei, however, lie in 
the electrostatic accelerator range of a 
few million and generally below 10,000,- 
000 electron volts, many nuclear reso- 
nances appearing at energies less than a 
few hundred thousand electron volts. 
Lithium bombarded by protons shows a 
strong resonance disintegration at the 
proton energy of 440,000 electron volts 
where conversion occurs into Beryllium 8 
with the emission of gamma rays. The 
beryllium subsequently disintegrates into 
two alpha particles. The photodisinte- 
gration of beryllium begins sharply at 
photon energies of 1,630,000 electron volts 
and that of deuterium at 2,180,000, these 
representing the energies by which the 
ejected neutron had been bound to the 


residual nucleus. Cross-section studies 
may be made with neutrons of controlled 
energy produced by bombarding selected 
light elements with electrostatically ac- 
celerated protons or deuterons of appro- 
priate energy. Not only are precise and 
detailed data on nuclear binding energies 
and neutron cross-sections of great intrin- 
sic value, but such experimental informa- 
tion will some day provide the basis for a 
more adequate theory of nuclear struc- 
ture. 

Because of its inherent capabilities in 
producing streams of monoenergetic posi- 
tive ions or electrons and the ease of con- 
trolling their energy over a wide range, 
the Van de Graaff electrostatic accelera- 
tor! has emerged during the last decade as 
the indicated instrument for precision 
nuclear research in the binding-energy 
range. The principal nuclear research 
laboratories throughout the world have 
electrostatic generators actively in use— 
sofar, all at energies below 4,000,000 volts. 
Today at the Atomic Energy Commission 
laboratory at Los Alamos and at the 
Massachusetts Institute of Technology 
two Van de Graaff electrostatic accelera- 
tors for nuclear research aimed at the 
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ALPHA-PARTICLES FROM A TARGET 
OF NATURAL BORON ON PLATINUM 
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Figure 1. 
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Alpha particles emitted in definite energy groups from Boron 11 and Oxygen 16 


bombarded by 1,500,000-volt deuterons from a Van de Graaff accelerator. (Courtesy of 
Dr. W. W. Buechner, Physics Department, MIT) 
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Figure2. Thecontinuous spectrum of 2,000,000, 1,000,000, 
and 5,000,000-volt X rays is shown superimposed on the 
line spectrum of radium gamma rays. X rays of 2,000,000 
volts are closely equivalent in physical and biological proper- 


ties to gamma rays 


attainment of 12,000,000 volts are nearing 
completion. 


Supervoltage X-Ray Therapy 


An important medical application of 
ionizing energy lies in the growing recogni- 
tion of the value of X rays produced at 
several million volts for the treatment of 
malignancies. X rays are the penetrating 
electromagnetic radiation produced by 
the sudden stopping of high-speed elec- 
trons. The effect of increasing the 
accelerating voltage from the 250,000 
volts now in general use for radiation 
therapy to 2,000,000 volts is to increase 
the relative penetrating power of the 
radiation, to reduce its scattering, and to 
diminish its biological effect in the first 
layers of tissue at the portal of entry. 
This last fortuitous fact, the high skin 
tolerance of supervoltage radiation, is of 
special value because the skin is an exceed- 
ingly radiosensitive organ and has often 
in the past defined the limit to the dose 
which could be directed through it to- 
ward a deep-seated tumor. X rays pro- 
duced at 2,000,000 volts appear in a con- 
tinuous wave-length spectrum which 
effectively coincides in position with the 
gamma-ray spectrum of radium in equi- 
librium with its products. A Van de 
Graaff X-ray generator operating at 
2,000,000 volts produces at the point of 
electron impact on its water-cooled gold 
target a source of penetrating electro- 
magnetic radiation physically and biologi- 
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cally identical to the well-studied gamma 
rays of radium, but with an output inten- 
sity greater than that of twice the avail- 
able world’s supply of this precious 
material. The wise and patient adminis- 
tration of these medically superior rays, 
guided by accumulated radiological ex- 


Figure 3. The target end of the 3,000,000- 
volt electrostatic accelerator showing arrange- 
ment for electron sterilization of biologicals, 


including penicillin and surgical sutures, 
through their final glass or metal containers 
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Figure 4. Functional diagram of a Wan de Graaff positive-ion accelerator 


perience of more than 40 years, will un- 
doubtedly advance very significantly the 
clinical results in the radiation treatment 
of this difficult disease.® 

Other sources of supervoltage roentgen 
rays used for the therapy application are 
the resonance transformer developed by 
the General Electric Company and now 
available in both 1,000,000 and 2,000,000- 
volt ratings, the betatron developed by 
Dr. D. W. Kerst® at the University of 
Illinois for radiation therapy at 24,000,000 
volts, and the microwave linear accelera- 
tor® developed in England for the produc- 
tion of 4,000,000-volt roentgen rays. 
All of these devices have features of 
special interest for the medical applica- 
tion. The electrostatic generator has 
advantages of simplicity and compactness 
and produces a copious source of ionizing 
radiation at energies which appear to be 
particularly suitable for clinical therapy. 


2,000,000-Volt X Radiography 


In industrial radiography, X rays pro- 
duced at several million volts are also find- 
ing increasing application. The greater — 
penetrability and freedom from scat- 
ter of such rays makes possible the radi- 
ography of heavy metal sections with sensi- 
tivity and definition fully equal to that 
obtained on thin sectionsat lower volt- 
ages. Electrostatic generators developed ‘ 
during the war at the Massachusetts i 
Institute of Technology especially for — 
military radiography produced 2,000,000- _ 
volt radiation from a spot on a water- — 
cooled gold target less than 10 mils in 


ATEE TRANSACTIONS 


diameter,’ With an electron current of 
300 microamperes, steel sections 8-inches 
thick could be radiographed with an 
exposure time of 3 minutes and 4-inch 
steel plate in 6 seconds. Defects of less 
than 0.5 per cent of the total plate thick- 
ness could be readily discerned on the film 
complex forgings were found to be read- 
able over a wider thickness range on a 
single film, and the necessity of packing 
complex shapes in shot or sand to reduce 
scatter was eliminated. 

An extreme example of the dependence 
of exposure time on the X-ray voltage was 
cited in a report of this Massachusetts 
Institute of Technology group. The 
measured exposure time on a 14-inch- 
thick steel submarine forging at 2,000,000 
volts and 400 microamperes was 4 hours. 
Calculations based on experimental data 
indicated that at 1,000,000 volts and 
with otherwise similar conditions, the 
exposure time would have been about 12 
weeks, while at 500,000 volts the time 
would have been about 500 years. With 
200 milligrams of radium under these 
conditions, it was computed that an 
exposure of about 5 years would be re- 
quired. On the other hand a careful 
calculation for 4,000,000-volt X rays 
showed that the required exposure would 
be only about 1 minute. 


Electron Sterilization 


The sterilization of pharmaceuticals 
and foods by high-energy electrons is a 
new field for large amounts of ionizing 
power.’- All forms of living organisms, 
including viruses, bacteria, spores, and 
molds, are destroyed when traversed by 
high-energy electrons or their lower- 
energy secondaries. The biological mech- 
anism involves the excitation and ioni- 
zation of atoms and molecules of the liv- 
ing organism, the breakdown of omnipres- 
ent water molecules into activated hy- 
droxyl radicals, the subsequent chemical 
change within the organism, and—with a 
sufficient |‘dose—its resultant demise.* 
This is evidently a new and far more effi- 
cient means of sterilizing materials than 
the age-old technique of heating, a process 
which raises the energy of vibration of the 
entire molecule until its thermal dis- 
integration is assured. The most radio- 
resistant organisms, the spore-formers, 
can be destroyed by a cathode-ray dose of 
2,000,000 rep*, an amount of ionizing 
energy which raises the temperature of 
the absorber by less than 5 degrees centi- 
grade.?° 


* A rep is that amount of ionizing radiation, whether 
__X& rays, cathode rays, or neutrons, which results in 
an energy absorption of 93 ergs per gram of water 

or equivalent material. 
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Many types of heat-sensitive pharma- 
ceuticals, such as penicillin, streptomycin, 
surgical sutures, and adrenal extracts, 
can be electron-sterilized in their final 
glass or plastic container without reduc- 
tion in potency of the material or other 
adverse effects, Figure 38. More recently 
there has been evidence that certain living 
tissues, such as the aorta and other large 
blood vessels and the bone and marrow, 
can be given sterilizing doses, if irradiated 
at reduced temperature, without impair- 
ing their effective use as transplants in 
surgical procedures. It appears that 
even relatively complex protein molecules, 
including those of blood plasma and frac- 
tions and of many foods, can often be 
sterilized to advantage particularly if the 
irradiation is performed at temperatures 
as low as that of solid carbon dioxide, at 
which the diminished ionic mobility 
markedly reduces unwanted side reac- 
tions. The shelf life of cheese is limited by 
the formation of molds which can be de- 
stroyed by a relatively low cathode-ray 
dose penetrating less than 2 millimeters 
through the wrapper. Wheat, cereals, 
meats, and other food materials may be 
sterilized advantageously by this method. 

The Van de Graaff electrostatic ac- 
celerator** has proved to be a valuable 
source of cathode rays of high energy for 
the scientific research prerequisite to such 
applications and now is being designed 
for routine production sterilization of 
large quantities of materials. Compact 
cathode-ray units developing 250 micro- 
amperes of 2,000,000-volt electrons are 
now available for fundamental radio- 
biology, for the research investigation of 
cathode-ray effects and techniques cover- 
ing a diversified program, and for routine 
production sterilization. A unit of this 
rating, for example, is capable of handling 
the entire surgical suture sterilization of a 


** In the Van de Graaff electrostatic generator, see 
Figure 4, electric charge is transferred to the high- 
voltage terminal at a continuous rate by a belt of 
insulating material. This charge maintains the 
terminal at a steady positive potential above 
ground and supplies the current required by the 
acceleration tube. Both tube and belt are mounted 
within the insulating column, which is specially 
designed| to insure a uniform voltage distribution 
between terminal and ground plane. At the high- 
voltage end of the tube the positive ions emerge 
through a small opening in the side of a capillary 
containing a d-c are in hydrogen or deuterium. 
These ions are progressively accelerated and focused 
as they pass along the acceleration tube and thus 
acquire the full voltage of the terminal. In pre- 
cision nuclear research the ion beam is often de- 
flected through a 90 degree angle by a magnetic 
field. This serves to remove the positive ions of 
unwanted mass and enables the remaining ions to 
be selected for energy by means of the analyzer slit 
system. Thus, steady parallel streams of positive 
ions accurately homogeneous in energy may be 
caused to impinge upon any selected target material. 
The alternate target may be used by reversing the 
direction of the deflecting magnet current. Al 
though the potentiat of the Van de Graaff generator 
is already steady to within 1 per cent, further elec- 
tronic stabilization may be introduced so as to 
maintain steadiness to 0.1 per cent or better. 
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large manufacturer. In food applica- 
tions, however, far larger amounts of 
ionizing energy are generally required. 
A basic machine for such purposes now is 
under construction rated at 3,000,000 
volts and 4 milliamperes of electron cur- 
rent, capable of delivering 12 kw of 
ionizing power in the form of a high- 
energy electron stream rapidly scanning a 
product-laden belt. 


Van de Graaff Operating Principles 


The Van de Graaff electrostatic ac- 
celerator’! is essentially a belt conveyor of 
electric charge designed for the attain- 
ment of high constant potentials and 
provided with a suitably evacuated tube 
for the acceleration of charged particles. 
As indicated in Figure 4, electric charge 
is sprayed onto a moving belt of high 
dielectric strength and carried into the 
field-free space of a well-rounded metallic 
terminal. This high-voltage terminal is 
supported from ground by an insulating 
column constructed of spaced metallic 
equipotential members and glass disk 
insulators. Both the charge-conveyor 
belt and acceleration tube are mounted 
within this column, along which a uni- 
form voltage distribution is secured by 
the flow of charge from terminal to 
ground through resistors between the 
metal sections. Charged particles origi- 
nating in the terminal end of the tube are 
progressively accelerated and focused by a 
succession of electrodes which produce a 
uniform electric field along the tube. 
These electrodes obtain their potential by 
connection to corresponding equipoten- 
tial planes in the insulating column of the 
generator, 

The steady constant potential of the 
terminal is maintained by balance be- 
tween the controllable current brought to 
the high-voltage terminal by the belt, the 
voltage distribution current down the 
generator column, and the current acceler- 
ated along the vacuum tube. The gen- 
erator voltage may be brought to any 
equilibrium value by regulating the charge 
sprayed onto the belt. It is common 
practice to utilize both ascending and 
descending runs of the belt of an electro- 
static generator by causing them to carry 
charge of opposite polarity. 

The current rating of a belt-type elec- 
trostatic generator is independent of 
terminal voltage and depends directly on 
the area per second of insulating surface 
entering and leaving the terminal and on 
the dielectric strength of the gaseous 
medium in which it is immersed. It can 
readily be shown that the maximum 
charge density on a surface in atmospheric 
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air is 5.3 times 10~* coulombs per square 
centimeter, assuming 30 ky per centimeter 
gradient and a uniform electric field nor- 
mal to the surface in both directions. In 
practice about half this charge density 
can be realized. Thus about 4 times 10° 
square centimeters per second of belt sur- 
face entering or leaving the terminal is 
required for each milliampere of current. 
Consideration of Gauss’s law shows that, 
unless electrically shielded from each 
other, adjacent runs of belt must run in 
opposite directions and carry charge of 
the opposite sign. The effect of an in- 
crease in dielectric strength of the sur- 
rounding gas is to increase the permissible 
charge density proportionately or, con- 
versely, to reduce the required belt width 
for the same current. 


In all direct acceleration apparatus 
operating above 500,000 volts, the charged 
particles are accelerated in successive 
increments by fields produced between a 
series of metal diaphragms spaced be- 
tween the annular glass sections of the 
evacuated tube. The particles pass 
through axial holes in these diaphragms, 
which serve in part to shield the inner 
glass surfaces from bombardment of 
scattered particles and also to maintain a 
well-focused beam through the focusing 
action of the slightly fringing electric 
fields. By this arrangement the cathode 
and anode ends of the tube may be sepa- 
rated by distances sufficient to insure the 
insulation of the total terminal voltage, 
and the insulation problem is reduced to 
that of a series of relatively low voltage 
gaps in high vacuum. ‘Only in the limited 
axial region lengthwise the tube through 
which the accelerating stream of particles 
must pass does the possibility of total 
voltage breakdown in vacuum! arise. 
Nevertheless, it is common experience 
that the insulating length of direct ac- 
celeration tubes must increase more 
rapidly than their voltages. Much study 
now is in progress to increase the under- 
standing of high-voltage breakdown in 
vacuum and of the factors which influ- 
ence the performance of particle-acceler- 
ating tubes. The best performance to- 
day permits the reliable insulation and 
acceleration of particles to 2,000,000 volts 
in a tube whose insulating length is 33 
inches, and the attainment of 6,000,000- 
volt particles in an insulating length of 12 
feet. 

Since the particles reaching the 
grounded end of the tube have been accel- 
erated by a constant potential, they be- 
come available as a well-directed stream 
arriving continuously in time and closely 
homogeneous in energy. The smooth 
controllability of this energy over a wide 
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range, together with this homogeneity, is 
a principal advantage of the Van de 
Graaff electrostatic accelerator for pur- 
poses of scientific research. Ina cathode- 
ray accelerator the high-voltage terminal 
is charged negatively, and the source of 
electrons within the acceleration tube is a 
heated tungsten filament. The high- 
energy electrons finally pass into the 
atmosphere through an aluminum window 
of a few mils thickness, which they tra- 
verse with little loss of energy or scatter- 
ing. Such an electron stream will then 
continue on through the air and be 
directly incident upon the biological 
material or substance to be sterilized. 
On the other hand the high-energy elec- 
tron stream may be caused to impinge 
upon a water-cooled target of high-atomic- 
number material, such as tungsten or 
gold, in which case their kinetic energy is 
converted in part into penetrating elec- 
tromagnetic radiation. These rays pro- 
ceed outward in all directions, though 
with increasing preference for the forward 
direction at higher voltages. This X-ray 
source may be defined into a beam by 
absorbing the unwanted radiation in lead 
and used in the radiation treatment of 
malignant diseases or in the examination 
of heavy metal sections. The substitu- 
tion of a source of positive ions—a low- 
voltage d-c discharge in low-pressure hy- 
drogen from which the ions are extracted 
through a tiny orifice by a probe voltage— 
for the electron source and the operation 
of the generator at positive potential 
transforms it into an instrument for pre- 
cision nuclear research. 


Electrostatics Versus 
Electromagnetics 


Electrostatic processes are inherently 
more efficient in the production of high 
constant potentials than electromagnetic 
methods. The maintenance of an elec- 
tric potential requires merely the presence 
of electric charge, and is described by the 
relation V=(Q/C, where V is the terminal 
potential, Q is its isolated charge, and C 
its capacitance to ground. This equation 
implies that the attainment of constant 
potentials of several million volts is pri- 
marily an insulation problem and that the 
terminal and its supporting column 
should be designed so as to exploit the 
most advantageous electric field con- 
figuration and insulating materials. In 
an electrostatic belt generator the su- 
perior voltage-insulating properties of 
gases at high pressure and of certain elec- 
tronegative gas molecules can be fully 
utilized to reduce the physical size of the 
terminal and gap for a given voltage, at 
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BREAKDOWN GRADIENT IN KILOVOLTS PER INCH 


° 200. 400.600 80010001200 
PRESSURE IN PS.1. GAGE 
Figure 5. Relative breakdown strength of 
various gases as a function of pressure up to 80 
atmospheres. Uniform field, constant poten- 
tials, 0.5-inch gap, polished stainless-steel 
electrodes 6 inches in diameter 


the same time increasing the charge- 
carrying capacity of the belt. 

In electromagnetic equipment the 
attainment of high a-c voltages involves 
inevitably the continued and cyclical flow 
of electric charge and the development of 
large amounts of reactive power. Merely 
to charge the simple high-voltage ter- 
minal of the 2,000,000-volt Van de 
Graaff accelerator shown in Figure 7 to 
the same peak value by 60-cycle electro- 
magnetic means would require over 30 
kva of reactive power. In the ingenious 
resonance transformer this reactive power 
is avoided, as far as the external circuit is 
concerned, by an air-core transformer de- 
sign in which an exact balance is achieved 
between the inductive and capacitive 
power at 180 cycles per second or higher 
frequencies. The large internal power 
circulating between the electric and 
magnetic fields and the dependence of 
peak voltage upon considerations of flux 
and coil ratios tend to limit the advantage 
attainable with better gaseous insulation 
in such a-c electromagnetic apparatus. 
The conversion of a-c power to high con- 
stant potential by any of several ingen- 
ious circuit arrangements invariably re- 
quires a series of electronic rectifiers, fila- 
ment sources, and capacitors, all of which 
constitute a formidable technical diffi- 
culty. a 


Compressed-Gas Insulation 


The use of gases at high pressure is now t J 


an essential feature of compact electro- — 
& 
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static accelerators. By the principle of 
similarity, a k-fold increase in the dielec- 
tric strength of the gas surrounding an 
electrode system permits a k-fold reduc- 
tion of all of its physical dimensions with- 
out changing its voltage-insulating ability. 
In the limit the volume occupied by high- 
voltage electrostatic apparatus varies 
inversely as the cube of the dielectric 
stretigth of its gaseous insulation. These 
considerations have encouraged research 
in the field of compressed-gas dielectrics 
and have led to the use both of progress- 
ively higher pressures and of electro- 
negative gas molecules for the insulation 
of high-voltage devices. 

Figure 5 shows the relative dielectric 
strength of such dissimilar gases as 
helium, nitrogen, carbon dioxide, and sul- 
fur hexafluoride over a pressure range 
from 1 to 80 atmospheres and with total 
applied voltages up to 1,200,000. The 
gaseous gradients can be observed to be 
substantially higher than those permitted 
by typical solid and liquid materials. 
The curves show the value of electro- 
negative molecules containing oxygen and 
fluorine in extracting energy from free 
electrons in the gap and in converting 
these prolific ionizing agents into innocu- 
ous negative ions by attachment. These 
characteristics of electronegative gases 
have been recognized in principle since 
the investigations of Natterer, Paschen, 
and others at the end of the last century." 
Two gases, Freon 12 (CClF2) and sulfur 
hexafluoride (SF), have now emerged as 
the most practical gases of this character. 
Both have nearly three times the dielec- 
tric strength of nitrogen at the same 


A 2,000,000-volt, 250-micro- 
ampere Van de Graaff X-ray source used for 
deep tumor therapy at the Sheffield National 
Centre for Radiotherapy in England. The 
_ X-ray output of this instrument is equivalent 

a to that from 5,000 grams of radium 


Figure 6. 
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pressure in a uniform field. At room 
temperature Freon 12 saturates at about 
5 atmospheres of pressure, while sulfur 
hexafluoride allows over 30 atmospheres. 
Both show high chemical stability, but 
dissociate under the influence of corona 
and sparkover.'® 


2,000,000-Volt Electrostatic 
Accelerators 


A powerful source of ionizing radiation 
which has attained 
simplicity through the use of compressed 
gaseous dielectrics and good electrostatic 
design is the 2,000,000-volt Van de 
Graaff accelerator manufactured by the 
High Voltage Engineering Corporation. 
This instrument in various forms is used 
for the production of X rays for medical 
therapy and industrial radiography, of 


compactness and 


streams of electrons for biological studies 
and the sterilization of materials, or of 
positive ions for nuclearresearch, Figure 6. 
Its high-voltage terminal is a hemispheri- 
cal stainless steel shell 15 inches in diam- 
eter, supported on an insulating column 
of 33-inch active length. 
built up of metallic equipotential planes 


This column is 


separated by glass insulators, and the 
terminal voltage is divided uniformly 
along the column by means of high 
resistors. The charge-conveyor belt is 6 
inches wide of multi-ply rubber fabric and 
The 


acceleration tube also is mounted within 


travels about 4,000 feet per minute. 


the column adjacent to the belt and is like- 
wise divided into over 40 sections by 
aluminum diaphragms, each of which 
acquires its proper potential by direct 
connection to the column. The target 
end of the tube extends 
through the base plate of the pressure 


acceleration 


tank and terminates in a water-cooled 
gold target for the production of X rays 
or an aluminum window when_high- 
energy cathode rays are desired. The 
entire electrostatic source and accelera- 
tion tube is contained within a grounded 
steel tank 36 inches in diameter and less 
than 6 feet in over-all length filled with a 
mixture of nitrogen and carbon dioxide at 
27 atmospheres of pressure, see Figure 7. 

Since the efficiency of X-ray production 
is low, maximum output ionizing power 
from an electrostatic accelerator is real- 
ized when the high-energy electrons are 
permitted to emerge into the atmosphere 
for direct use as cathode rays. In this 
case the output power is equal simply to 
the product of electron current and volt- 
age and is 500 watts in the cited example. 
The total power input is 2,500 watts, and 
the over-all efficiency is 20 per cent, a 
figure higher than that attainable by any 
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A 2,000,000-volt electrostatic 
generator with tank removed, showing high- 
voltage terminal and 33-inch long insulating 
column 


Figure 7. 


other method. Most of the input power 
is used in overcoming the windage arising 
from the motion of the belt through the 
compressed gases. Lesser amounts go 
into belt flexure, pulley bearing losses, 
column resistor current, and corona spray 
power. 

Five hundred watts of electron energy 
at 2,000,000 volts is capable of profound 
biological and photochemical activity. 
This amount of ionizing energy can deliver 
1,000,000 rep to over 300 pounds of 
material per hour and is capable of 
sterilizing production amounts of pharma- 
ceutical materials on an economic basis. 
When the electron energy is converted 
into penetrating X rays by impinging 
upon a target of high atomic number, 
even though the efliciency of conversion is 
only slightly more than 5 per cent at this 
voltage, the subsequent electromagnetic 
emission in the continuing X-ray beam 
corresponds to that of over 5,000 grams of 


radium, 


12,000,000-Volt Positive-Ion 

Accelerator 

The highest-energy apparatus so far 
attempted by the electrostatic method are 
the 12,000,000-volt positive-ion accelera- 
tors now under construction at the Massa- 
chusetts Institute of Technology and Los 
Alamos. The Massachusetts Institute of 
Technology unit, which is illustrated in 
Figure 8, is to be housed in a vertical steel 
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tank 12 feet in diameter and 32-feet high 
designed for gas pressures up to 27 atmos- 
pheres. The tank is mounted within a 
concrete silo which forms a part of the 
special laboratory building, an important 
feature of which is the large radiation 
room 40 feet by 60 feet by 16 feet sur- 
rounded by 2-foot-thick concrete walls. 

The terminal of this electrostatic 
accelerator is 38 inches in diameter 
mounted on an insulating column 18 feet 
high. A  20-inch-wide belt traveling 
3,600 feet per minute will supply over 1 
milliampere of current to the terminal 
when required. There are two parallel 
acceleration tubes within the column, one 
provided with a positive-ion source in the 
form of a low-voltage hydrogen are and 
the other with an electron source consist- 
ing of a spiral tungsten filament. In 
addition to protons, deuterons, and alpha 
particles, the accelerator is thus available 
also as a source of high-energy electrons, 
X rays, and, through the intermediate 
process of bombarding light elements, of 
neutrons. 

At a position between the high-voltage 
terminal and the grounded steel tank an 
equipotential shield of stainless steel is 
provided. This shield is mounted on the 
insulating column at a region one third 
its total length from the terminal and 
therefore would be maintained at 8,000,- 
000 volts for the maximum terminal 
voltage of 12,000,000. The effect of such 
an equipotential shield is to redistribute 
the electric field intensity in the air gap 
between terminal and tank and thus per- 
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tor now nearing 
completionat the 


Massachusetts In- 

stitute of Tech- 

= -FIELO CONTROL RODS nology. Insu- 
-INSULATING BELT lated in com- 


_— POSITIVE ION 
ACCELERATION TUBE 


DIFFERENTIAL PUMPING TUBE 


pressed nitrogen 
and carbon di- 
oxide at 27 at- 
mospheres, this 
accelerator is to 
produce positive 
ions or electrons 
at any selected 
energy in the 
range from 
2,000,000 volts 
to maximum with 
homogeneity of 
0.1 per cent. 
The inside di- 
mensions of the 
gas-pressure tank 
are 12 feet di- 
ameter and 32 
feet high 

mit the attainment of higher total volt- 
ages. The Los Alamos design has many 
interesting points of difference when com- 
pared with that of the Massachusetts 
Institute of Technology, an important 
one being the use of five such intermediate 
equipotential shields arranged for a nearly 
uniform gradient from terminal to tank. 


Future Trends 


During the past decade the Van de 
Graaff electrostatic accelerator, devel- 
oped initially for precision nuclear re- 
search, has proved itself a generic source 
of high-energy particles meeting the 
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requirements of biologic and physical 
science, as well as such applicatiotis as 
supervoltage X-ray therapy, the electron 
sterilization of pharmaceuticals and foods, 
and X-ray radiography. Important en- 
gineering improvements are in progress 
directed toward increasing the operating 
voltage, current capacity, and compact- 
ness of this electrostatic instrument. 
Electronegative gases will undoubtedly — 
find an important place in units designed 

for extreme compactness. The elimina- 
tion of corona-charging and charge-re- 
moving processes in favor of conduction 
charging of the belt is receiving attention, 
particularly since this avoids the funda- 
mental conflict of a superior gaseous di- 
electric which must still at certain points 
be capable of good conductivity through 
ionization. Fundamental and engineer- 
ing studies of the factors upon which de- 
pend the voltage-insulating ability of high 
vacuum are most essential since the capa- 
bilities of the acceleration tubes are still 
the primary design limitation in modern 
Van de Graaff accelerators. Electronic 
voltage stabilization now practiced at 
most research institutions will probably 
become standard equipment on therapy 
and radiographic units. In particular, 
for the sterilization of large amounts of 
material, attention will be given to the 
attainment of the maximum charge- 
conveying capacity of the belt surfaces. 
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Distribution of Charge in Electrostatic 


Mineral Separation 
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ONTRARY to common impressions, 
C there is no one single electrostatic 
separation process, but there are a number 
which differ very fundamentally from 
each other, except that they are carried 
on in a field between two charged elec 
trodes, One series of them depends on 
differences in conductance of particles ina 
mixture, the difference in conductance 
commonly being dimportant in determin 
ing which kind of particles take up the 
most charge, (hough the differences in 
conduetinee are utilized in other ways, 
A second series of them depends on the 
frictional electricity generated when un 
like solid surfaces are rubbed together as 
a menus of charging, and in this case at 
least one must be a poor conductor, This 
series of processes is handieapped by the 
necessity of working in atmospheres of 
relitively low humidity, Other processes 
depend entirely on differences in. dielee 
trie constant of the particles in a mixture, 
Inductive charging also is known, but the 
primary phenomenon is formation of di 
poles (charged positively on one end and 
neyilively on the other) followed by leak 
ave of some of the charge on the end with 
the sharpest points or edges, leaving the 
particle with the exeess of electricity of 
the opposite charge to Chat which leaked, 

This paper deals with the simplest and 
commonest type of electrostatic separator 
that has been used in the past, one with a 
“pure” electrostatic field with neplipible 
leakage between the eletrodes, The elee 
trodes are a pair of horizontal eylinders, 
spaced several inches apart, and one of 
them A," Migure 1, rotates so that granu 
lar material fed onto its Copemost portion 
will be carried between it and the other 
cylinder (hus passing through an eleetro 
static field, ‘The potentials cotmnonty 


used are rarely inore than 1/2 the spark 
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over voltage, The electrode carrying the 
solid particles may be at earth potential. 
The other eleetrode may be either posi- 
lively or neyatively charged with respect 
lo earth but 
direcHional source like rectified alternating 
current, Often 6,000 to 20,000 volts per 
inch of gap are used, 

When the particles are carried into the 
electric field between “A” and “B", they 
acquire charges by a combination of in- 


is activated from a uni- 


duction and interfacial conduction (1), 
The amount of charge determines the dis- 
tanee .S to which each particle is de- 
flected, 

Although all the particles may have the 
same weight and specific conductivity, the 
interfacial conduction (electrode “A' to 
particle), and consequently the deflection 
distance \S is distributed over a range of 
values, The purpose of this paper is to 
determine the form of the distribution, 
the maynitude of the charges on particles, 
and of the electric work done, ‘The litera. 
lure is practically void of any measure- 
ments of the aetual amount of charge on 
the particles that are of proper size to be 
effectively deflected by electrostatic forces, 
By ineany of data from two independent 
sources, the quantity of charge on the 
particles is shown to be distributed as a 
logarithmic function of the normal prob- 
ability law, ‘The eleetrieal work done on 
the particles is shown to be very small, 


Correlation of Data 


Htatistionl data, unlike single measure- 
nents of high accurney, must be corre. 
lated by some method, one of which is the 
graph? ‘The procedure in this paper is 
first Co determine the type of distribution 
directly by charge measurement on a 
series of individual particles, and then to 


ve 


apply this type to the data derived from 
electrostatic separator operation.  Al- 
though all the straight-line plots are not 
theoretically linear, they are linear within 
the accuracy of measurement. This is 
sufficient for determining the type of dis- 
tribution and for calculating the electro- 
static separator performance, 


Nomenclature 


Ao, an, = centrifugal, electrical, and gravita- 
tional acceleration, em./see,* 

h=length of class interval 

Feclectric field intensity, statvolts/em, 
(1 statvolt = 800 volts) 

memass of particle, gram 

QOescharge on particle, millistateoulomb or 
arbitrary 

QOm= mean charge on particle, millistat- 
coulomb (1 coulomb =38> 10° stat~ 
coulombs ) 

Wm, V@ nth interval component and resultant 
velocity, em, /see, 

S,, Senth interval component and elec- 
trode tangent distance, em, 

t= time-—seconds 

wenormal law variable 

o = standard deviation 

a, Om Figure 1—degrees 


Measurement of Charge 


Charges were measured as the particles 
from the grounded carrier electrode “A” 
fell through a Faraday cage, which was 
insulated from ground and connected to 
an FP54 thermionic electrometer. The 
cage, electrometer and 10°megohm grid 
resistor were mounted in a grounded metal 
box placed close to ‘‘A” so that the time 
of fall through the cage would be long. 
The cage and grounded guard rings on 
each end of the cage were cylindrical 
tubes, 5 centimeters in diameter, with the 
cage 5 centimeters long and the rings 1.9 
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Figure 1 (left), 99.8 


Diagram of sepa- 99.5 
rator and particle 


trajectory 


Figure 2 (right). 


Charge measure- 
ment data with 


cumulative per 


CUMULATIVE PERCENT OF PARTICLES 
a 
to} 


centimeters long. Electrodes “A” and 
“B’’, Figure 1, were of the small diame- 
ter of 3.5 centimeters with a 2.6-centi- 
meter gap between them. Electrode ‘‘A”’ 
was grounded, and electrode ‘‘B’’ was 
charged negatively to 48 statvolts, (14,400 
volts). 

The galvanometer and shunt in the 
electrometer circuit* were replaced by the 
input leads of a Brush BL-913 amplifier. 
Differences in ground potential levels 
were compensated by connecting the am- 
plifier frame to ground through a poten- 
tiometer and battery. A vibrating V- 
shaped feed trough permitted the de- 
livery of one particle at a time over elec- 
trode “A.” The response for each par- 
ticle as it fell through the cage was re- 
corded with a Brush BL-201 recorder, and 
the particles were thus counted in groups 
classified according to the deflection on 
the recorder. The deflection is propor- 
tional to the charge Q. Kapteyn and 
Van Uven, in reference 4, assert that all 
attributes of growth are distributed ac- 
cording to the normal probability law, 
either linearly or as some other function. 
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cent on a prob- 
ability scale 


A test for a normal distribution is to plot 
the data on probability cross section 
paper with different functions of the at- 
tribute. Figure 2 summarizes the count- 
ing results with galena particles having a 
size range so that they passed through a 
2.36-millimeter opening screen and were 
retained on a 1.65-millimeter opening 
screen. The particles varied in weight 
from approximately 35 to 100 milli- 
grams each. The rectangles represent 
a range in percentage for each range in 
attribute. The unit for Q is arbitrary. 
In contrast to the curved plot of the lin- 
ear function, the logarithmic function 
yields a straight line, and the charges are 
accordingly distributed as a logarithmic 
function of the normal probability law. 
This might be expected, since the charge 
transferred through interfacial conduc- 
tion is an exponential function of time.? 


Graphical Relationship in 
Deflection Data 


A common graphical relationship in 
electrostatic separation data’ is the 
straight line formed when the weight of 
particles deflected to various horizontal 
distances during a constant vertical drop 
is plotted on a logarithmic scale versus the 
distance on a linear scale. The results 
with chromite beach sand are shown in 
Figure 3. The straight line is in the 
range, 4<.S$<12. The horizontal lines 
represent the weight of particles collected 
in each compartment of a box placed so 
that the top edges of the compartments 
are in the horizontal plane G of Figure 1. 

The same plot of the data on galena of 
Figure 2, with Q substituted for S, yields 
the same shape of curve having a straight 
line for that portion on the right side of 
the hump. This similarity indicates that 
S, the distance a particle is deflected, 
must be approximately a linear function 
of Q, the amount of charge on the par- 
ticle. 
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Charge Versus Deflection Distance 


The accelerations and velocity when a 
particle is just leaving the carrier elec- 
trode, and when it is in flight, are illus- 
trated by the vectors in Figure 1. The 
string of dots defines the trajectory of an 
average particle. Because of the depend- 
ence on both ag and a, a_ theoretical 
derivation of the expression relating Q 
and S would be complicated. A simpli- 
fied procedure is to calculate and plot the 
trajectory in small time intervals, each 
plot supplying data for the succeeding 
calculation. 

The horizontal distance from the initial 
position to the end of the mth interval is, 


Sn=f foadt? =[1/2azt sin at 
tnitt+Sn_, | 


£=0.05 
t=0 


These are calculated and plotted versus 
the values calculated from the correspond- 
ing equation for the vertical distances. 

The initial value of az is known from 
the position of the particle as it leaves the 
roll, and the subsequent values are deter- 
mined by the change in field intensity F. 
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Figure 4. Summary of particle trajectory cal- 
culations 
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The term v,_, is equal to the velocity at 
the end of the (7—1) th interval. 

The charge Q is calculated from the 
initial value of ag by the equation, 


mar 


F 


Figure 4 summarizes the calculation for 
spherical particles having a density of 5 
and a diameter of 0.05 centimeter (ap- 
proximate properties of chromite). The 
electrode dimensions are those of Figure 
1, with a rotation speed of 24 rpm for 
“A,” and a potential of 64 statvolts 
(19,200 volts) between ‘“‘A” and “‘B.”’ 

The trajectories for some values of Q 
were calculated in both 0.02- and 0.05- 
second intervals. The 0.02- and 0.05- 
second interval trajectories are super- 
imposed, except for the last interval, 
when the last 0.05-second interval is 
unusually long. This is the cause of the 
deviations shown in Figure 4. A point 
half white and half black indicates no 
deviation. The straight line drawn 
through the 0.02-second data in Figure 4 
is therefore a good approximation of a 
zero interval or continuous trajectory 
and is represented by the equation, 


Q=1.15S+6.25 (1) 


Q is in millistatcoulombs. The linear 
range, 5<.S<11, is remarkably close to 
that of Figure 3. 

The calculations were checked by 
equating for the horizontal component 
the summation of the electrical work in 
all the intervals to the final acquired 
kinetic energy. The actual work is very 
small and is equivalent to 0.09 watt-hours 
per ton of particles for the 7.1-centimeter 
horizontal deflection distance (vertical 
drop, 10 centimeters during 0.21 second 
time). This is a surprisingly low amount 
of energy to produce such a useful effect. 
A further check could be secured by 
photographing the particle trajectory. 


Deflection Data and the 
Normal Law 


Except for the radius of electrode ‘‘B,”’ 
the dimensions and constants of Figure 1, 
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LOG Q— DEFLECTION DATA 
2 105 1,10 Ws 120 125 1.30 
5 


© DEFLECTION DATA 


20} ® CHARGE MEASUREMENT DATA 


0.5 


NORMAL LAW VARIABLE, x 


ie} 
0.3 0.4 05 0.6 Or 0.8 0.9 
LOG Q— CHARGE MEASUREMENT DATA 


Figure 5. Graphical proof of normal law dis- 
tribution 


including the 24-rpm speed, are those of 
the separator from which the data of 
Figure 3 were secured. The radius of 
electrode ‘‘B’’ was 2.5 centimeters. 
With ‘‘A’’ equal to ‘“‘B,”’ the plotting of 
the equipotential lines in the field is 
simplified.® With a compartmented box 
at ground potential at level G, the lines in 
this vicinity are distorted. However, the 
field here is weak and has little influence 
on the particle. These variations may 
have some influence on the constants and 
range of equation 1. 

The data of Figure 3 are tested for nor- 
mal law distribution by converting S to 
Q, and the cumulative percentages to the 
normal law variable x. The cumulative 
percentages are summed from the left of 
Figure 3 and represent the 2 (x) of the 
normal law equation, 


—72 


€ 2 (2) 


1 
d(x) = aie 

The values for the integral of this equa- 
tion are given in Table V in a book by 
T. C. Fry.6 A plot of log Q, calculated 
from equation 1 versus x from Table V, is 
illustrated in the deflection data of Figure 
5. Each point is derived from the data on 
chromite indicated as small circles in 
Figure 3. A plot also is shown for the 
charge measurement data. Both are 
straight lines, 

The straight line is proof of a normal 
law distribution and is represented by the 
equation, 


_ log Q—logQm A 


oh i 
Xx 


Qm and oh are found from the «=0 
intercept and the slope of the line. For 
the deflection data, Q,,=11.9 millistat- 
coulombs, and g=0.117. Either o or h 
may be assigned arbitrary values, but 
with g=1, as it is in equation 2, log Q 


must be plotted in class intervals of h= _ 


0.117. As a comparison to linear fune- 
tions of the attribute, the constant, og= 
antilog og, is frequently adapted for 
logarithmic functions.’ In Figure 3 the 
peak of the hump is not at Q,, because of 
the linear function of Q and the accumula- 
tion near S=0 of particles having a charge 
less than Q,. 

Although the data of Sun, Morgan, and 
Wesner® are complicated by adhesion of 
particles to the electrode, some of the 
straight-line plots which they obtain for 
particles of very low conductivity, such as 
fluorite, quartz, and calcite, would indi- 
cate that charges generated by the fric- 
tional electrical effect also are distributed 
as a logarithmic function of the normal 
law. 
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The Torsional Damper for Conductors— 


Service Experience and Further 
Experimental Work 


T. J. BURGESS 


MEMBER AIEE 


Synopsis: Careful inspection of ACSR 
(steel-reinforced aluminum cable) conduc- 
tors operating for ten years equipped with 
torsional dampers has shown no apparent 
damage due to aeolian vibration. Type 
HH copper conductor without dampers has 
been operating for a similar period without 
trouble. Further experimental work indi- 
cates that there is little tendency for ACSR 
conductors to vibrate at tensions less than 8 
per cent of their ultimate strength. 


RIOR to 1928 the design of the trans- 

mission lines of The Hydro-Electric 
Power Commission of Ontario, Canada, 
together with the span lengths and ten- 
sions used, were such that aeolian vibra- 
tion was not a serious problem. Subse- 
quently, when longer spans and higher 
tensions came into greater use, the de- 
structive nature of this vibration was rec- 
ognized and a program of investigations 
initiated which lead to the development 
of the Tebo and Buchanan* torsional 
damper. The development of this 
damper, together with considerable re- 
lated information, has been covered in 
previous papers by Tebo! and Speight.” 

As an indication of the trend in conduc- 
tor protection, it may be worthy of note 
to contrast certain of the changes in high- 
tension line design between two active pe- 
riods of the Commission’s 220-kv single- 
circuit construction, that is 1928-30 and 
1948-50. Average spans increased from 
1,000 feet to 1,100-1,150 feet and 60-de- 
gree tension increased from about 11 to 19 
per cent. Damping devices changed 


*_G. B. Tebo and W. B. Buchanan are with the 
Electrical Research Department of The Hydro 
Electric Power Commission of Ontario. 
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A. D. HOGG 


NONMEMBER AIEE 


from armour rods and parallel cable 
dampers to torsional dampers. 


Further Experimental Work 


Since the preparation of the Tebo! and 
Speight? papers, experimental work has 
been devoted to the proportioning of tor- 
sional dampers for the various sizes of 
conductors in common use on the Com- 
mission’s transmission lines, and some- 
what to other aspects of conductor vibra- 
tion and damping. One of the latter 
which may have a measure of general in- 
terest dealt with the relation between 
conductor tension and vibration charac- 
teristics. 


Effect of Conductor Tension on 
Vibration 


The tests to investigate this relation- 
ship were all made using ACSR conduc- 
tors. The conductor sizes, span lengths 
and tensions used, as well as the test dates 
are given in Table I. It will be noted 
that each test covered a period of at least 
three weeks. Figure 1 shows the rocking- 
type clamp used for the tests. All 
clamps were the same and fitted the 605,- 
000-circular-mil ACSR (duck) conductor. 
For the smaller conductors, suitable filler 
pieces were used. Throughout the tests, 
records were taken on a 477,000-circular- 
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mil conductor kept substantially at con- 
stant tension. This was done to check on 
the suitability of wind conditions for vi- 
bration during each phase of the tests. 
The vibration records were obtained using 
the equipment previously described by 
Tebo,! and gave a measure of the deflec- 
tion relative to the clamp of a point on 
the conductor 3'/. inches from the last 
point of contact between the conductor 
and the mouth of the clamp. 

There are several ways in which the 
data obtained have been plotted, but it is 
felt that the co-ordinates shown for Fig- 
ures 2 and 3 best serve the present pur- 
poses. In Figure 2 the maximum deflec- 
tion in mils for all the conductors is 
plotted against conductor tension ex- 
pressed as a percentage of the ultimate 
strength. The data are insufficient to 
define the curve completely, but it is seen 
that with increasing tension the maximum 
deflection rises rapidly from zero at some 
tension around 8 per cent to a maximum 
at around 15 per cent after which it re- 
mains substantially unchanged with fur- 
ther increases in tension. The extrapo- 
lation to obtain the tension for no vibra- 
tion may be subject to question. How- 
ever, the presentation of the data in Fig- 
ure 3 strongly supports the figure of 8 per 
cent. In this figure the megacycles of 
vibration per day are plotted against ten- 
sion for several deflections covering the 
range which occurs. Though there is a 
moderate amount of scatter in the test 
points, the graphs are rather well defined 
and when extrapolated meet the axis of 
zero cycles of vibration at a tension be- 


Suspension clamp on 605,000 
circular-mil ACSR conductor 


Figure 1. 
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TENSION (PERCENT OF ULTIMATE STRENGTH) 


Conductor vibration. Relation between tension and 


deflection 


Figure 2 (above). 


() = 936,400 circular mils; 650/644-foot spans 
/, =936,400 circular mils (oriole); 880/1,050-foot spans below 20 


0-68 
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per cent, 1,400/1,050-foot spans above 20 per cent 


» =605,000 circular mils (duck) same as AV 
[ 1=3/0 (pigeon), 650/644 foot spans 


Conductor vibration, 
per day and tension 


Fiqure 3 (right), 


Curve A=0,001 Inch, Curve B=0,002 inch, Curve C =0,004 inch, 
Curve 2) =0,006 inch, Curve E =0.008 inch, Curve F =0,010 inch 


tween & and 10 per cent of the ullimate 
strength, 

Sununarizing the results of these tests 
it appeara that; 


1, Theve is little tendeney to vibrate below 
a tension of about & per eent of the ultimate 
atrength, As the tengion inereases above 
this, the maximum deflection or bending at 
(he clamp due to vibration increases rapidly 
up to 1H per cent tension, after which the 
maxtunium deflection remains substantially 
Cotta 


% The number of eyeles of vibration per 
day above any given deflection inereases 
almost linearly with tension 


4, The apan length does not seem to be a 
major factor in vibration, This is at vari 


anee with some previous data reported by 
Tebo,! 


VINRATION CILARAGCTHRISTICS OF TyPR HH 
Corpor Conpueror 


In view of some recently reported 


troubles with type HET copper conductor, 
the results of our investigations of this 
ceonduetor 


may be of interest to some, 


Relation between megacycles 


MEGACYCLES PER DAY ABOVE DEFLECTION SHOWN 


TENSION 


tor, This had a weight of 12.4 pounds 
and a moment of inertia about the con- 
ductor of 155 pounds inches squared, 
One of these dampers was to be used for 
each span, mounted at alternate towers. 
xcept for a small installation for check- 
ing their performance, these dampers 
have, owing to the relative safety of the 
undamped conductor, never been used, 
‘The trial installation was allowed to re- 
main on the line, 

In connection with the rigid torsional 
damper, it should be understood that it is 
entirely different and much less effective 
than the torsional damper as used on the 
steel-reinforced aluminum conductors, 
The latter, an example of which is shown 
in Figure 5, has the dumbbell part at- 
tached to the arm through rubber wash- 
ers, With this arrangement, energy ab- 
sorption takes place both in these wash- 


30 


(PERCENT OF ULTIMATE STRENGTH) 


ers and in the conductor, while the rigid 
damper provides for energy absorption 
in the conductor only. 


Inspection of Field Installations 


TORSIONAL DAMPERS ON ACSR LINES 


The torsional-type damper has been in 
service on the Commission’s high-tension 
circuits since 1940. Since then our prac- 
tice on new high-tension lines has been to 
omit armour rods and use dampers ex- 
clusively to prevent damage by aeolian 
vibration. Dampers are installed, two 
per span, one each side of the suspension 
clamp. The mounting distance is 6 feet 
for the 795,000-circular-mil ACSR con- 
ductor and less for smaller conductors. 
Completed experimental work covered 
spans up to 1,200 feet only. Anincreased 
number of dampers have been arbitrarily 


Table |, Summary of Conditions for Tests on the Effect of Tension on Vibration 


These dealt with a 500,000-cireular-mil Period of Seat 


! 31/10/41—21/12/41 23/12/41-14/1/42 16/1/42=7/3/42 9/3/42-30/3 /42 
eonduetor for apans of 8&0 feet and a 60- aes Tension Span Tension Span Tension Span Tension Span 
‘ ‘ ms Jonductor Lbs, Fr, Lbs, A . . . . 
degree tension of 20 per cent, ‘Tests : + Pt ibs Pt Lhe Bt 
showed that the fatigue Hmit of the con A i ea OCONEE TE v ; 
‘ ; 8/0 , O95 650/644 ,,1,280 ,, 650/644 ..1,180 .. 650/644 ..1,860 .. 650/644 
duetor at this tension corresponded to a Os B Sei race ee IF By SARE ein eco 1 (Ay teaed pee ree 28.1% 
deflection of 0,020 inch measured 3,5 "0,400 1 nag, end OME A TOD O00/648 reaGN a 000/86 
; . ay és eOr creer iver ns OOM eer vrr eee ncns YC RRR aera See 20K. : 
inches from the clamp, Tield measure- 886,400. ,...0.4, 1,700 ,,880/1,050, 2,650 , .880/1,050, .2,650 * 880/1,050. 4,590. .1,400/1 ,050 
Z 5 ane (aa acen ad See : LO Moin sic oun Was PRE bey cine AY Cer emtneenerge 080 % oe 
ment on the naturally vibrating cable 477,000. ...1, 2,560 ,, 660/644 ,.2,620 .. 650/644 ..2,620 .. 650/644 ..2,600 .. 650/644 
vave a maximum deflection of about one- anaann 19890 cnt we satay OE Ge atet nits «5S US Ge iaesteadletrcs «ole 13,5% 
. ? iy 1. ,2,875 ,,880/1,050, 3,660 , .880/1,050,.3,660 ..880/1,050,. m 5 
third this value, and also showed that the 10.6% ; 71,050. 8,600, .880/1,, 0500 S00 ini aa f- 


' : BROWSS CRAG ERS AF rrr eat MGR a Tati... dias NG, Se he sie 24.4% 
vibyation was very easily damped, A . : weve i 


rigidelype torsional damper, shown in 


*Per cent of the ultimate strength, 


Note; 


eee The length of span on each side of the test tower is given; the recorder is mounted in the span under- 
ined, 


igure 4, was developed for this condue 
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Table Il 


eee we 


Type of Dampers Condition of 

Damper Towers Opened Conductors 

Torsional, ...... 186. .,,.872 (7.5% of. .No damage 
total) 

Stockbridge... .192....384 (8.5% of. .No damage 
total) 

used for spans over this length, 


A recent inspection of our earliest 
damper installation (without armour rods) 
indicates excellent results. These damp- 
ers were installed 10 years ago on: a 110 
kv line, 477,000-circular-mil ACSR, av- 
erage span 1,000 feet, 60-degree tension 
15.5 per cent and 103 miles in length; 
and a 220-kv line, 795,000-circular-mil 
ACSR, average span 1,150 feet, 60-degree 
tension 19 per cent and 271 miles in 
length. 

Conductor and damper clamps were 
opened and the conductor carefully ex 
amined for wear or broken 
Neither wear nor breaks were found, as 


strands, 


indicated by the tabulation shown in 
Table II. 


INSPECTION OF HH Copper ConpucToR 


An inspection was made recently of the 
suspension positions of a 500,000-circular 
mil HH copper line, 42 miles in length. 
This is a double circuit, 220-kv line, aver- 
age span 880 feet and 60-degree tension of 
20 per cent. It has been in service for 
nine years and the spans are undamped. 
876 suspension positions (80 per cent of 
total) were carefully inspected by opening 
up the suspension clamp and examining 


the conductor. No worn or broken seg- 
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Figure 4. Rigid torsional damper for type 
HH 500,000 circular-mil copper conductor 


ments were located that could be attrib 
uted to vibration, 


SPECIAL INSTALLATION 


As a trial attempt to control galloping 
conductors in a high-voltage long river 
span (2,200 feet) which had given trouble 
on three occasions, torsional dampers 
were installed, eight per span, per condue 
tor. While no claims are made for this 
as a cure for galloping, it may be note 
worthy that the span has been free of such 
trouble for approximately 4 years. 


Stee, GROUND WIRE 


Torsional dampers similar to those in 
use on ACSR conductors have been de 


signed for 4/s inch steel ground wire and 


No Discussion 
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795,000 


damper for 
circular-mil conductor 


Figure 5. Torsional 


placed in service on 880 foot spans, 60-de 
gree tension &.1 per cent, These have 
been in service 9 years without vibration 
trouble occurring on the ground wire of a 
double circuit 220-kv tower line, It is 
too soon to predict long term results but 


indications so far are satisfactory, 


References 


| MEASUREMENT AND CONTROL OF CONDUCTOR 
Vinkarron, Gordon B, Tebo, 17 Transactions, 
volume 60, 1041, pages LLS8-08, 


2 Tae Turory or Torstonan Dampers, J. W. 
Speight. Hlectrical Engineering (AITEL Transac 
tions), volume 60, October 1941, pages 907-11 


10383 


Inductive Co-ordination Aspects of 
D-C Systems Supplied by Rectifiers 


AIEE COMMITTEE REPORT 


Synopsis: This report is similar in many 
respects to the committee report on In- 
ductive Co-ordination Aspects of Rectifier 
Installations, published in 1946,! with the 
important difference that the latter dealt 
solely with the a-c side. The present 
report, which deals with effects associated 
with d-c systems supplied by rectifiers, 
can be considered as complementing the 
1946 report and material contained in the 
latter is not generally repeated here. To 
date, inductive co-ordination problems 
associated with the output side of rectifiers 
have involved chiefly d-c traction systems 
having a single overhead trolley per track 
(that is, ground-return systems) par- 
ticularly those having nominal operating 
voltages of the order of 600 volts direct 
current. Hence, subsequent to Part II, 
which describes ways of classifying the d-c 
sides of proposed installations into three 
categories, the major part of the more 
detailed discussion and quantitative in- 
formation in this report is devoted largely 
to the 600-volt system with overhead 
trolley. Summarized technical informa- 
tion, which will serve at least as background 
material and which will generally be useful 
in case the inductive co-ordination aspects 
of a specific rectifier installation require 
more or less detailed study and analysis 
also is included. 


I. Basic Phenomena Concerned 


HE BASIC principle of operation of 

power rectifiers is such that they 
produce harmonic voltages on the output 
side under all load conditions. These 
voltages will, in turn, cause harmonic 
currents to flow through the impedances 
of the d-c system to which the output 
is connected. In other words, these 
phenomena are an inherent characteristic 
of rectifiers, including rectifier equipment 
of present generally careful design and 
manufacture. 

The magnitudes of the harmonic 
voltages on the d-c side of a rectifier are 
affected but little by changes in load 


1034 


impedance. This contrasts with the 
situation on the a-c side, on which the 
harmonic currents from a rectifier are 
usually almost independent of the im- 
pedance of the power supply system. 


The output voltage of a 6-phase 
rectifier contains harmonic components 
having frequencies equal to 6, 12, 18, 
and so on, times the a-c power supply 
frequency. For example, when the a-c 
supply system frequency is 60 cycles, the 
frequencies of these harmonics on the 
d-c side are 360, 720, 1,080, 1,440 cycles, 
and so on. For a 12-phase rectifier, the 
12th, 24th, .... harmonics of the supply 
system frequency are present on the 
output, and their magnitudes in per cent 
of the direct voltage are the same as for 
the corresponding harmonics in the 
output of a 6-phase rectifier having a 
corresponding type of transformer con- 
nection and impedance. Although the 
6th, 18th, 30th, and other harmonics 
which are odd multiples of the 6th are 
theoretically zero for the 12-phase recti- 
fier, they are, in practice, actually present 
in reduced amounts for various reasons 
such as the unequal division of load 
between the two groups of six phases 
composing the 12-phase system. 


When phase control?! is applied to 
a rectifier, the ““‘orders’’ of the harmonics 
are not changed but considerable changes 
in their magnitudes (generally upward) 
can result, and increases of as much as 
2 or 3 to 1 can be encountered in certain 
parts of the load range (Appendix IT). 

The significant effect of the d-c side 
from the inductive co-ordination stand- 
point is that the harmonic currents and 
voltages produced in the d-c system by 
the rectifier set up, respectively, magnetic 
and electric fields of corresponding fre- 
quencies about the conductors of that 
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system. These inductive fields will in- 
duce voltages of the same frequencies in 
paralleling telephone circuits which can 
cause noise in these circuits. 

The harmonic currents in the d-c 
system supplied by a rectifier are a func- 
tion of the corresponding harmonic 
voltages in the rectifier, the impedance 
of the d-c system at the respective 
harmonic frequencies, the amount of 
phase control (if used); and, to some 
extent, the internal impedance of the 
rectifier unit itself, including the im- 
pedance of the rectifier transformer. 

The over-all influence of a given 
balanced or ground-return current is 
measured by its I-T product while the 
over-all influence of a given balanced or 
residual voltage is measured by its KV -T 
product. 

In this report the terms I-T product 
and voltage TIF are used freely. It may 
be noted here that I-T product is a 
measure of the over-all noise influence 
of a current, including fundamental and 
harmonics, while voltage TIF (telephone 
influence factor) is a similar measure 
for a voltage of known rms value.?%*? 

If the d-c system supplied by the 
rectifier is well-balanced as, for example, 
a full-metallic 2-wire d-c system without 
any grounds, the harmonics start out as 
balanced components, that is, the currents 
in the two conductors are equal and 
opposite, as are the phase-to-ground 
voltages, and these currents and voltages 
will remain substantially balanced. This 
condition can be closely attained on 
fairly short full-metallic d-c systems. 

If the 2-wire d-c system just men- 
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Table |. General Classification of Rectifier Installations— D-C Side 


Type of Rectifier Installation 


General Characteristics of D-C Side, and So Forth 


Category—D-C Side* 


Rectifier for radio transmitting... 


station 


Rectifiers for electrochemical... 


processes 


Rectifiers for general industrial... 


‘service 


Electronic frequency changer... . 


D-C transmission system........ 


Rectifiers for ‘‘trolley-coach’’... 


systems 


“600-volt’’ d-c street railway... 


system, with single overhead 
trolley per track 
‘‘Third-rail’”’ traction systems 


A. From standpoint of ex-... 


posures 


B. From 
“‘ground-potential”’ effects 
at harmonic frequencies 


Main line railroad electrifica-... 


tion with overhead d-c trolley 


. Such rectifiers often of considerable size. 


standpoint Of is 


.D-c system confined to station itself, with little probability of exposures involving d-c. . 


side and commercial telephone circuits. 

May have more than 12 phases. 
of such an installation confined to a single plant. Little consequent possibility of d-c 
exposure to commercial telephone circuits (except, perhaps, for small number local 
telephone circuits located in, or close to the plant). Relocation of a few local pairs, 
in the chemical plant itself, or other nonextensive co-ordinative measures, may be 
needed in occasional case. 


. Will usually have a d-c system which is either confined to a single building or to a plant... 


area of limited extent, with not much probability of important exposures involving the 
d-c system with wire communications facilities (except, perhaps, within or adjacent to 
the industrial plant itself), Can generally be considered as in Category A. Possible 
exception to this classification may be presented by a 2 or 3-wire d-c power distribution 
system having one of the power conductors multigrounded (which would thus be 
Category B). 


In the two present installations in this country, the d-c link in the electronic frequency. . . 


changer is very limited in extent. For such installations, having little if any chance 
of exposure to d-c system—Category A. If the d-c link were fairly long or extensive 
(with consequent probability of exposure), the link would be—or considered to be— 
of the nature of d-c transmission and special study would be required. (Item 5.) 


Not beyond the experimental stage in this country but would require study and careful... 


consideration from the inductive co-ordination standpoint. Not treated in further 


detail herein and not active now. 


.(a) If normally operated with one side of the d-c circuit grounded directly at not more... 


than one point, with the positive and negative trolleys carried close together, the 
positive and negative feeders likewise carried reasonably close together and with 
no individual feeder located in a position which is widely separated (as, for 
example, across the street) from that of its opposite-polarity ‘‘mate.’’ 


(b) If normally operated with one side of the d-c system normally grounded directly at... 


more than one point, or if the positive and negative feeders are not carried close 
together on their common supporting structure or if, for example, a positive feeder 
or its corresponding negative “‘return’’ feeder were moved (or assigned) to a loca- 
tion across the highway from its opposite-polarity ‘‘mate.’’ 


(c) During period of conversion from single-track-per-trolley ‘‘ground-return”’ street... 


railway system to 2-wire metallic system such as referred to in Item 6a. 


. D-c trolley network is essentially a ground-and-rail return system, apt to be almost en-.... 


tirely unbalanced. Harmonic currents in d-c system are largely ground-return. (See 
Part III of this Report.) 


. Harmonic currents existing primarily in a relatively narrow metallic loop, with 3rd rail as... 


one side and the two running rails of same track as the other. Such currents chiefly 
balanced in nature. With multi-track system, the additional rails provide some 
shielding. 


. With direct grounding of one side of d-c system at two or more points (as, for example,... 


at rectifier substations), noise effects may arise occasionally from harmonic ground 
potentials in case telephone equipment having an apparatus ground is located in fairly 
close proximity (say within several hundred feet) to a point or points of such direct 
grounding of d-c system. 


. Likely to involve rectifier units of 1,500-3,000 kw or higher ratings, with operation at... 


direct voltages of 1,500-3,000 volts or more. Harmonic currents largely ground-re- 
turn. Generally require inductive coordination with communication circuits of rail- 
way itself, as well as with the commercial telephone systems involved. 


D-c system... 


.Category C (likely). 


.Category C, and 


..Category A. 


.Category A, except as noted 


in ‘Characteristics’ column 
at immediate left. 


.Category A, except as noted in 


“Characteristics” column at 
immediate left. 


.Category A, except as noted 


in ‘Characteristics’ column 
at left. 


. Special study. 


.Category B. 


(Much 
like 600 volt d-c street rail- 
way with overhead trolley, 
Item 7, below.) 


.Category C, if any exposure to 


speak of, 
Category C, if any exposure to 
speak of. 


.Category B. 


.Category B, 


requires 
special study, outside scope 
of this Report. 


The classification of the 


* Note particularly that any mention of specific categories in the various parts of this table applies solely to the d-c side of rectifiers. 


a-c side should be carried out in accordance with the 1946 report.! 


tioned were normally operated with one 
side of the circuit grounded at but a 
single point, the harmonic voltage of this 
unigrounded side would tend to approach 
the potential of the earth, and residual 
voltages at harmonic frequencies would 
exist. However, the harmonic currents 
through the loads and equipment con- 
nected between the two metallic sides of 
the circuit would tend to be essentially 
balanced. 

On the other hand, it should be 
emphasized that if a 2-wire (+ and —) 
d-c system supplied by a rectifier is 
normally operated with grounds on one 
side of the circuit at more than one 
point, considerable amounts of harmonic 
currents can return through the ground, 
with a resulting relatively large increase 
in their possible inductive effects per 
harmonic ampere. Harmonic residual 
voltages also will exist under this condi- 
tion. 
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The importance of such ground-return 
currents is illustrated by the fact that 
for roadway separations between the 
power and communication circuits the 
ratio of the effect of ground-return cur- 
rent to the effect of an equal magnitude 
of single-phase balanced current may 
range from about 10/1 to as much as 
80 or |90/1. Similar ratios can be 
expected with joint-use separations. The 
corresponding range in the case of residual 
voltages is smaller, an average value 
being about 5/1.9%31,32.38 


II. General Classification of D-C 
Systems 


In so far as practicable, the present 
report describes ways of classifying the 
d-c sides of proposed installations into 
one of the following three categories: 


Category A. Very unlikely to cause im- 
portant induction problems. 
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Category B. Indeterminate. 
Category C. Very likely to cause im- 
portant induction problems. 

The more important advantages of 
classifying the d-c side in this manner are 
substantially the same as those itemized, 
for the a-c side, in the 1946 report.! 

In the present report, the three 
categories are designated as A, B, and C 
in order to distinguish the classification 
of the d-c side from the classifications, 
in accordance with the 1946 report, of 
the a-c side, which were designated by I, 
II, and III. An installation would thus 
be classified by a combined symbol. For 
example, if the a-c side of a specific 
rectifier installation were found to be in 
Category II and the d-c side in Category 
C, the combined classification would be 
TIC. 

General methods of separating various 
types of rectifier d-c systems into cate- 
gories are given in this part of the present 
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Figure 1 (left). 


report. 
larly in Table I. By consulting this 
table first, many situations can be dis- 
posed of without going into detailed 
classification procedures. 

In making use of Table I, reliable and 
adequate information concerning the 
specific type of d-c system to be supplied 
by the rectifier, as well as suitable ex- 
posure data, will be required. 

In a detailed study concerned with the 
possible inductive effects from the d-c 
side of a proposed rectifier installation, it 
is necessary to have rather complete 
information on exposure conditions, For 
general classification purposes, however, 
it usually is sufficient to know the general 
type and extent of the exposures; for 
example, the type of d-c system, the 
extent to which its individual parts are 
or are likely to be involved in joint-use 
or other relatively close exposures to 
telephone open wire, or whether the d-c 
system will be confined to a single 
building or a very limited plant area, 
and so on. 

If the rectifier installation is of such a 
type that any exposures will be confined 
to a single building or to a limited 
industrial plant area (possibly involving a 
very few exchange circuits at the most), 
a relatively simple sketch of the exposure 
conditions will usually suffice. On the 
other hand, if the type of installation is 


They are summarized particu- 
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such as to involve communication circuits 
at joint-use separations or at locations 
across the highway or in other relatively 
close exposures with the d-c system, the 
relative locations of present or proposed 
telephone circuits with respect to the 
various parts of the d-c system should 
be set forth in much the same manner as 
that illustrated by the exposures shown 
for various a-c feeders on Figure 5(A) of 
the 1946 report. With intermeshed d-c 
networks, a suitable map of the exposures 
is often helpful. 

Rectifier co-ordination problems in- 
volve complex phenomena. As a conse- 
quence, a few installations which appear 
to be in Category A may cause important 
problems. Conversely, a few installations 
which appear to be in Category C may 
turn out to be innocuous. Categories 
A and C have been set up so as to make 
them as definite as practicable, while 
Category B covers a wide range of 
intervening conditions. The chance of a 
particular case actually falling outside 
of its indicated category depends to a con- 
siderable extent upon its nearness to the 
“edge”’ of the range. 

Certain additional factors may be 
considered qualitatively in estimating 
the likelihood of important induction 
problems for specific installations, par- 
ticularly those in Category B. Some of 
these factors may be favorable and others 
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Three rectifier circuits commonly used for 600-vo!t 
street railway installations 


Figure 2(above). Filter consisting of series reactor and resonant shunts 


unfavorable; for example, see the Dis- 
cussion at the end of the section on 
Technical Information for Studies. 


III. ‘600-Volt’? Overhead Trolley 
D-C Traction Systems 


By far the largest number of inductive 
co-ordination problems associated with 
the d-c side of rectifiers and commercial 
communication circuits, to date, has 
involved exposures between exchange 
telephone circuits and single-overhead- 
trolley-per-track traction systems (such 
as street railways) having nominal 
operating voltages of the order of 600 
volts supplied by mercury-are rectifiers. 

Experience indicates that in prac- 
tically all cases involving such 600-volt 
d-c street railway systems, magnetic 
induction is controlling and _ electric 
induction (Appendix I) can usually be 
neglected (except, possibly, for some 
exposures involving open wire telephone 
circuits). 

Similar considerations would apply 
also in the case of other d-e traction 
systems of this general nature, including 
those operating at voltages other than 
600 volts. 


A. D-C Tracrion Systems HAVING 
OVERHEAD TROLLEY WITH TRACK 
RETURN 


The more usual 600-volt d-c street 
railway trolley network supplied by a 
rectifier is essentially a ground-and-rail 
return system which, electrically, is 
almost entirely unbalanced. This means 
that, with such a system, a large part of 
the output current usually returns by 
way of the earth. A given magnitude of — 
harmonic current or voltage in the output 
circuit is, therefore, generally of con- F 
siderably more importance from the 

& 
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Where known (or assumed) equivalent inductance 
(L,) of d-c system is materially different from 1 mh., 
or where rating of rectifier is materially different from 
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12-phase, quadruple zig-zag 


15 20 


(Ig/Idr) TIMES TOTAL % Xcn 


standpoint of inductive co-ordination 
than an equal component of the same 
frequency in an essentially balanced 
circuit. 

It also may be noted here that it has 
been found that in urban or suburban 
areas served by commercial telephone 
circuits, the water pipes, gas pipes or 
other underground metallic structures, 
power-circuit multigrounded neutral con- 
ductors, telephone cable sheaths and other 
metallic conductors may serve’ as return 
paths for harmonics from the trolley 
system. While mutual impedance tends 
to restrict such currents to paths adjacent 
to the route of the trolley, a part may 
flow along remote metallic return paths 
in which overhead conductors of the d-c 
system are not present. Under this 
latter condition, inductive effects similar 
in magnitude (per ampere of inducing 
current) to those of ground-return har- 
monic currents can be experienced on 
communication circuits which closely 
parallel the path, or paths, of such remote 
metallic return harmonic currents. 

In the majority of exposures between 
commercial telephone circuits and single- 
trolley-per-track “600-volt”’ street railway 
systems in urban, or even in suburban 
areas, the telephone circuits are most 
apt to be in cable. With such cable 
exposures, electromagnetic induction usu- 
ally predominates and the I-T product 
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on the d-c trolley-feeders concerned is 
then of prime importance. The voltage 
TIF at the rectifier output does, of 
course, have a certain significance in 
that it is indicative of the potential 
ability of the rectifier-output harmonic 
voltages to produce harmonic currents in 
the trolley-feeders. In the occasional 
exposure involving open wire telephone 
circuits, electric induction from the 
output harmonic voltages can occur, but 
here again the predominating induction 
from such 600-volt trolley systems is 
generally magnetic. 


From these considerations, it follows 
that with the usual 600-volt d-c traction 
system with overhead trolley and track 
return, the over-all inductive influence 
of each of the respective trolley-feeder 
circuits is usually controlled by its 
ground-return I-T. From the practical 
standpoint, the values of output I-T 
shown in Figure 5 for rectifiers operating 
without phase control, or the values of 
I-T when phase control is used (shown in 
Figures 9 and 10), are very much greater 
than the maximum value of I:-T per 
exposure which might ordinarily be con- 
sidered tolerable from the inductive co- 
ordination standpoint, so that most 
such d-c traction rectifier installations 
can be considered to be in Category C 
without much detailed study. For the 
“‘600-volt”’ street railway system, with 
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2500 ~ 3000 


Figure 3 (left). Voltage TIF on d-c side of 600-volt rectifier versus prod- 
uct of (Iz/Iz;) times total equivalent per cent commutating reactance 
For rectifiers supplied by 60-cycle systems. 


No phase 
control 


Figure 4 (above). Voltage TIF adjustment factors for Figures 3, 7, and 
8; to take account of d-c system equivalent inductances (L,) other 
than 1 millihenry and rectifier “ratings other than 1,000 kw 


track return, this is true even though the 
ground-return I-T per individual trolley- 
feeder can be assumed to be of the order 
of one-fifth of the total output I-T, as 
discussed later. 


B. TrRo.LeEY-Coacw D-C Systems 


Where a rectifier supplies a d-c trolley~ 
coach system, output harmonics can 
likewise exist. If such a 2-wire system 
is normally operated according to Item 
6a of Table I, that is, with one side of the. 
propulsion circuit grounded directly at: 
not more than one point, and so on, 
some residual harmonic voltages will 
exist, so that fairly small amounts of 
ground-return harmonic charging currents: 
can flow. Nevertheless, the harmonic: 
currents through the loads and equipment 
connected between the two metallic 
sides of the circuit will be essentially 
balanced in nature (with consequently 
lessened magnetic inductive effects). 


However, if the d-c trolley-coach 
system is operated with one side multi~ 
grounded, as in Items 6b and 6c of Table 
I, substantial amounts of rectifier output: 
harmonic currents may return through 
the ground and other grounded metallic 
structures, such as cable sheaths and 
various ‘remote metallic return” paths, 
referred to previously. Under these 
conditions a 600-volt d-c trolley-coach 
system tends to take on the character~ 
istics of the 600-volt d-c street railway 
system with single overhead trolley, in 
so far as inductive effects are concerned, 
and then substantially the same technical 
considerations will apply. Hence, the 
two systems are not further differentiated 
in subsequent parts of this report. 
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C. ApvANCE STUDY OF PROPOSED 
INSTALLATION 


Experience has demonstrated that the 
induction co-ordination aspects of a 
proposed rectifier installation can be 
handled best by close co-operation 
between the telephone company (or 
companies) and the railway company 
concerned.*7 This would include a joint 
study of the situation by the engineering 
representatives of the interested com- 
panies in the early planning stage of the 
proposed installation. It is helpful, also, 
to include some consideration of the 
future conditions which will exist as the 
d-c system and the telephone facilities 
may expand, or be rearranged, in addition 
to the conditions which will exist initially. 

In such a study, it should be 
recognized that, as mentioned earlier, 
the production of harmonics is an 
inherent characteristic of a rectifier. 
Their frequencies are determined largely 
by the number of phases. The mag- 
nitudes of the harmonic vary with load 
and with the degree of phase control (if 
used). These harmonics are independ- 
ent of the type or make of rectifier. 

Through such an advance study, the 
probability and severity of an induction 
problem can be evaluated, and remedial 
measures which may be needed in the 
telephone plant or in the d-c system, 
either initially or in the near future, 
can be considered and planned. This 


Where known (or assumed) equivalent inductance 
(Ly) of d-c system is materially different from 1 mh, 
or where rating of rectifier is materially different from 
1000kw, use Adjustment Factors from Figure 6. 


CURVES PLOTTED FOR VARIOUS VALUES OF TOTAL 
COMMUTATING REACTANCES (X-) EXPRESSED IN PER 
CENT. ON RECTIFIER TRANSFORMER KVA BASE. SUPPLY 
AT 60 CYCLES. NO PHASE CONTROL. RSS TIF 
CONTRIBUTION OF 6th, 12th, 18th & 24th HARMONICS. 
(USING "1935" TIF WEIGHTINGS) 


might affect the selection of the number 
of rectifier phases (where there is. a 
reasonable choice). When severe situa- 
tions may be foreseen, precautions can 
be taken to provide at least some of the 
remedial measures in advance of the 
inception of normal operation of the 
rectifier. 


If the need of filtering equipment 
should be indicated, space for such equip- 
ment can be provided in the installation 
plans even if such a filter is not installed 
initially. If filters are not included in 
the original equipment, advance arrange- 
ments might be made to obtain temporary 
filters without undue delay if a severe 
induction problem should develop. Such 
arrangements are particularly helpful in 
that they tend to prevent any prolonged 
adverse inductive reactions. 


As a part of the engineering study, 
advance plans also can be made for 
suitable inductive co-ordination tests to 
be conducted shortly before and after 
the rectifier installation is made. Such 
tests can be considered as necessary for 
proposed installations of Category B, 
and particularly so for specific installa- 
tions of Category C where filters are not 
included in the original equipment. 
The primary purpose of such tests is 
to provide data from which to determine 
whether remedial measures are required 
and, if so required, what would be the 
most suitable measures. 


Figure 5 (left). 


(ToX en). 


Figure 6 (below). 


WHERE 
L. IS: 


Technical information and othet ma- 
terial which will generally assist /in the 
studies just mentioned or in specific 
test programs are given in the following 
paragraphs, as well as in Part V and 
succeeding parts and Appendices. 


D. ReEcTIFIER CIRCUITS AND 
TRANSFORMER CONNECTIONS 


Although lack of reasonably complete 
information regarding the specific type 
of transformer connection to be employed 
is generally not serious in the preliminary 
consideration of the inductive coordina- 
tion aspects of a proposed rectifier in- 
stallation, reliable information on this 
point is apt to become increasingly useful 
as the study progresses. 

Figure 1 illustrates the three types of 
rectifier transformer connections which 
are used most commonly. Other less 
commonly employed connections can be 
found in current literature? but it is 
impracticable to cover them here. 

In street railway applications in this 
country, the 6-phase fork connection 
included on Figure 1 is used infrequently 
and is at present confined chiefly to 
rectifiers having power ratings not over 
about 1,000 kw. : 

There are two possible rectifier trans- 
former designs for the 12-phase quadruple 
zigzag circuit illustrated schematically 
in Figure 1(C). One of these designs is 
built with a single a-c winding. This 


|- T produced in d-c system by 600-volt rectifier versus 
product of (Iz/la;) times total equivalent per cent commutating reactance 
For rectifiers supplied by 60-cycle systems. 
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I-T adjustment factors for Figures 5, 9, and 10; to 
take account of d-c system equivalent inductances (Lz) other than 1 
millihenry and rectifier ratings other than 1,000 kw 
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MULTIPLY ORDINATES OF FIG. 5 
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Figure 7 (left). 


RECTIFIER. 


For Correction Factors, See Figure 4 
Also See Table IV. 


SUPPLY AT 60 CYCLES. 


Six-Phase Recti- 
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VOLTAGE TIF IMPRESSED ON 600-VOLT D-C SYSTEM HAVING AN INDUCTANCE “Ly” OF 1MH, 
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(Ig/Tgp) TIMES TOTAL % Xen 


same basic circuit also is built with a 
rectifier transformer having two paralleled 
individual a-c windings, each associated 
with only two of the four groups of d-c 
windings (as, for example, 1-5-9 and 


CURVES PLOTTED FOR DELTA 12-PHASE 
QUADRUPLE ZIGZAG RECTIFIER WITH 


INTERPHASE TRANSFORMERS. 
SUPPLY AT 60 CYCLES. 


For Correction Factors, see Figure 4. 


Also see Table IV. 
400 a For Meaning of “RV”, 
as used here, 
see Table IV. 
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latter design, the rectifier transformer 
is essentially equivalent to two 6-phase 
transformers having separate cores and 
a 30-degree displacement between their 


Figure 8 (left). Twelve-phase 
rectifier 


Voltage TIF impressed on 
600-volt d-c system, with 
various amounts of phase con- 
trol, a-c supply at 60-cycles 


Figure 10 (right). | Twelve- 


phase rectifier 
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VOLTAGE TIF IMPRESSED ON 600-VOLT, D-C SYSTEM 
HAVING AN INDUCTANCE °L,” OF 1 MH. 
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1-T IN 600-VOLT 1-MH. D-C SYSTEM 


|-T produced in 600-volt, 
1 millihenry, d-c system, with 
40 various amounts of phase con- 
trol, a-c supply at 60 cycles 
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phase voltages. The Rectifier Stand- 
ards? make no distinction between these 
two types of construction, both being 
designated Circuit 53. 

40 Information regarding the orders and 
magnitudes of the output harmonics 
produced by the rectifier circuits illus- 

a trated in Figure 1 is given in Appendix IT. 

3-7-11 or 2-6-10 and 4-8-12). In the In general, it may be noted that: 


1. Rectifier installations on ‘‘600-volt”’ d-c 
street railway systems in this country 
have so far been of various power ratings 
ranging from 500 to 6,000 kw. 
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Figure 11, Nature of magnetic induction 


9 Many of these have been 6-phase, 
while some, generally in the upper part of 
thin range of power ratings, have been 
1B phase 

4% To date, none of the installations has 
involved (the operation of reetifier con 
nections with more than 12 phases for 
normalservies, In the absence of operating 
experience, no information on higher 
pliase installations ia ineluded in this 
report, 


IV. Co-ordinative Measures 

The solution of problems involving 
rectifiers, where the application of eco 
ordinative measures is indicated, is no 
different from other types of induetive 
co-ordination problems, in’ that close 
co-operation of all interested parties is 
necessary, Guiding principles and general 
practices ave piven in the report on 


Principles and Practices for Induetive 
Hleetric 
Institute and the Bell ‘Pelephone Sys 


uy 


Coordination, by the Edison 


tem,” which recopnives that characteris 
ties of both the power and the telephone 
systema muat be taken into account, 

Phe ditheutiies of applying and main 
taining co-ordinative measures on a 
specie exposure basis have led in recent 
yeara lo relying more and more on the 
mimintenunee of the lowest practicable 
susceptiveness of telephone cireuits in 
yeneral and of the smatlest practicable 
wave shape distortion on power circuits 
in peneral, 

OF the various kinds of co-ordinative 
Measures applicable to the power or 
(elephone system, the following are the 
most important in 


rectifier problemi: 


conneetion with 


1, Advanee planning of the method of 
supplying (he rectifier from the standpoint 
of miniiniving wave shape distortion, 


Y. Possible phase multiplioation of reetifier 
Jrstatla clon, 1) i) ae 


‘ 


&. Prequeney selective devices 24 


4, Avoidanee — of 
wimounta of phase 


tiiecesaarily 
eontrol,! (Also 


large 
Hote 
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Figures 7, 8, 9, and 10 of this report.) 
This might be accomplished, for example, 
by the selection of more suitable transformer 
taps. 


5. Shielding of telephone cable circuits,** 
that is, ‘cable sheath shielding.” 


6. Reduction of telephone system un- 
balance to ground,® ineluding the applica- 
tion of station sets equipped with ringers 
of the higher impedance type or, possibly, 
station sets employing cold cathode tubes 
in the ringing circuits, (This would also 
include suitable measures for minimizing 
leakage unbalance, as for example, on any 
twisted pair, or at its points of support, 
or the like which might be used for com- 
munication circuits in particularly damp 
locations, as in mines, ) 

7, Frequent or co-ordinated  transposi- 
tions" in open wire telephone circuits 
exposed to the d-c system usually will be 
helpful, (Of course, transpositions generally 
cannot be used in the d-e cireuits of a trac- 
tion system.) Twisted pair in a relatively 
short local telephone circuit when the use 
of such pair is not precluded from the 
(ransmission standpoint embodies, in effect, 
very frequent transpositions, 


It is impracticable within the scope 
of this report to present a sufficiently 
detailed discussion of these measures to 
required for 

solution of an individual 
However, certain of the ma- 
terial given under this heading in the 


provide the information 
reaching a 


situation, 


1916 report, together with the following 
additional discussion of some of these 
measures, may be helpful in a more 
detailed examination of the material 
listed in the references, 

linproved balance to ground of the 
newer types of telephone subscriber and 
central office equipment, which reached 
the stage of large scale production just 
prior to the war, has been very helpful 
from the inductive co-ordination stand- 
point, 

The curves in Figures 3, 5, 7, 8, 9, and 
10 afford a general illustration of the 
effectiveness of phase multiplication in 
reducing the I+T and voltage TIF on 
the d-e system, at least in so far as 12- 
versus G-phase operation is concerned, 
This results, to a considerable extent, 
from a reduction in the number of 
iimportant harmonies present, as indicated 
in Table V. Furthermore, where indue- 
(ion problems do arise, remedial measures 
are usually less expensive than for a 
smaller number of phases because; 


1, ‘The number of important unsuppressed 
harmonies to be cared for is smaller, and 
(he magnitudes of the additional “normally 
suppressed harmonies,”’ which remain as a 
result of unavoidable unbalances in the 
rectifier installation, are generally much 
recluced, 

2, The size of the shunt elements of devices 
used for reducing harmonics goes down 
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rapidly as the lowest frequency / Which 


they must handle goes up. yt 


While phase multiplication is a power- 
ful tool in the larger capacity installa- 
tions, the extent to which it can be 
employed in smaller installations is 
limited to a considerable degree by the 
number of rectifier anodes. 


A. FRmQUENCY SELECTIVE DEVIGES 


The only presently available method 
of controlling rectifier output harmonics, 
other than by phase multiplication, is 
by some form of frequency selective 
device, commonly called a filter. 

Some form of frequency selective device 
has been applied on the output side of — 
many rectifier installations on “600-volt”’ 
d-c street railway systems, (exclusive of 
subways and third-rail systems). The 
available information also indicates that 


in a considerable number of cases where 


filters were applied, co-ordinated measures 
were applied to the telephone plant also, 
as indicated qualitatively in Tables VII 
and VIII. In some cases there was so- 
little exposure, initially at least, that it 
was feasible to omit a filter pending 
operating experience; a certain amount 
of noise reduction was effected in a 
number of these cases by the application 
of co-ordinative measures to the tele- 
phone plant alone. However, the avail- 
able information is not sufficiently com- 
prehensive to provide a quantitative - 
picture regarding such cases. 

Selective devices suitable for use on — 
d-c systems may be grouped into three 
general classes with respect to the 
manner in which they are applied, as 
follows: 


1. Series devices, including the series” 
reactor and the tuned series reactor 


2. Shunt devices, including the capacitor 
and the resonant shunt 


3. Combinations of these series and shunt — 
elements 


A comprehensive discussion of these 
devices is contained in reference 24. The 
subject is too broad to cover in detail 
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Figure 13. Telephone influence factor weightings at various frequencies 


here, but a brief discussion of several 
important items is included in the 
following paragraphs. 

The applicability of any one of these 
selective devices will depend to a con- 
siderable extent upon the type of d-c 
system concerned. Resonant shunts in- 
volye precision tuning and may require 
special mounting arrangements. The 
use of series reactors involves a power 
loss which has to be considered. The 
cost of a filter also is an important con- 
sideration. A discussion of costs and 
losses is outside the scope of this report. 
It should be emphasized, however, that 
where phase control is used the magnitude 
of the harmonics, and hence the over-all 


_ cost of an effective filter, is apt to be very 


materially increased. 

In general, where it is desired to reduce 
several harmonic components, a combi- 
nation of series and shunt elements at 
the rectifier output, as illustrated in 
Figure 2, has been found to be more 
practicable and more economical than 
either series or shunt elements alone. 

The filter of Figure 2 consists of a 
series reactor L, and several resonant 
shunts tuned for the frequencies of the 
harmonics which are to be reduced. 
Each shunt consists of a reactor and 
capacitor connected in series. At the 
specific frequency for which a shunt is 
tuned, the reactance of its reactor is equal 
and opposite to the reactance of the 
capacitor, so that the net impedance is 
equal only to the effective resistance of 

shunt at the harmonic frequency, 
and with a properly designed shunt is 
alow. Each shunt thus provides a 


Pah 
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low-impedance by-pass for the harmonic 
current for which it is tuned. The 
series reactor L,, together with the 
internal inductance Lo of the rectifier 
unit, limit the harmonic currents in the 
shunts and largely absorb the harmonic 
voltages which produce these currents. 

With the filter in operation and 
properly tuned, the voltage Vg,’ of a 
specific harmonic frequency remaining 
on the d-c load side of the filter is equal 
to the product of the harmonic current 
through and resistance of the resonant 
shunt provided for that harmonic. The 
effectiveness or reduction ratio of the 
filter, for a specific harmonic m, is equal 
to Van/ Van’, in which Vg, is the corre- 
sponding harmonic voltage at the output 
terminals of the rectifier without the 
filter. This ratio is also equal, approxi- 
mately, tothe over-all reactance w(L,+L,) 
of the series reactor and internal in- 
ductance at the harmonic frequency 
divided by the effective resistance of the 
resonant shunt. There must be a corre- 
lation between the constants and ratings 
of the shunt elements and the inductance 
of the series reactor to obtain the desired 
effectiveness of the combined filter (see 
part 4.3 of reference 24). The series 
reactor must be capable of carrying the 
continuous and overload current ratings 
of the rectifier. There are many possible 
combinations of constants for the series 
reactor and shunt elements. The over- 
all cost and losses in the filter are im- 
portant considerations in the design. 

The leading manufacturers of mercury- 
are rectifiers are in a position to furnish 
d-c filters for rectifier installations. 
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Experience has indicated that local 
designs of filters generally have not 
proved sufficiently effective. 

The number of resonant shunts and 
the reduction ratios required for a filter 
depend largely upon the number of recti- 
fier phases and on whether or not phase 
control is used. On the basis of experi- 
ence, and in accordance with the sugges- 
tions in previously published  litera- 
ture, satisfactory results usually can 
be expected from filters for rectifier 
installations on 600-volt street railway 
service, supplied from a 60-cycle a-c 
system, if the following reduction ratios 
or greater ones are obtained at full load: 
For 6-phase rectifiers, operating without 
phase control, a reduction ratio of 10 for 
the 6th, 12th, and 18th harmonics. 

For 12-phase rectifiers, operating without 
phase control, reduction ratios of 10 for 


the 12th harmonic, and 5 for the 6th and 
18th harmonics. 


Filters with three resonant shunts will 
usually provide some incidental reductions 
also for the 24th and some of the higher 
harmonics. In some cases, however, a 
separate shunt may be required for the 
24th harmonic of 60 cycles. 


The specific numerical reduction ratios 
mentioned here should be considered as 
illustrative guides and not as any sort of 
rigid limits, 

In Table II are given approximate 
rms values of the harmonic voltages 
remaining at full load, without phase 
control, if filters providing the particular 
numerical ratios mentioned 
in the preceding paragraph are used, 

The values of remaining (residual) 
voltages shown in Table II for the 6-phase 
rectifier may serve as a rough guide in 
designing a filter for railway rectifiers 
operating with phase control or for 
rectifiers using other types of transformer 
connections. 

As can be seen from the curves of 
Figures 19 to 22, the application of phase 
control produces an appreciable increase 
in the magnitudes of the harmonic com- 
ponents of the direct voltage, the increase 
depending upon the amount of phase 
control used. It is obvious that larger 


reduction 


D-C System 
QOQ0Q000 


Figure 14. Schematic illustration of output 
side of a rectifier feeding a d-c street railway 
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A-C 
Supply 


filters, providing higher reduction ratios, 
are required in that case to obtain re- 
maining voltages approximating the 
values of Table II. When phase control 
is used, there is a greater variation in the 
magnitudes of the harmonics as the load 
current is varied. The highest values 
over the operating load range should be 
considered in designing the filter, rather 
than the values at full load. 

Care must be taken to avoid over- 
loading the resonant shunts of a rectifier 
filter. If the filter is designed for a 
rectifier operating without phase control, 
it will be overloaded and is likely to be 
damaged if phase control is applied to the 
rectifier. Similarly if the filter is de- 
signed for a specific amount of phase 
control, it will be overloaded if that 
amount is exceeded. 


B. OTHER MEASURES 


The extent to which other remedial 
measures can be applied in place of con- 
trol of the rectifier harmonics in a 
specific case depends on many circum- 
stances which cannot be described in 
detail here. 


Table Il. Estimated Harmonic Voltages 
Remaining, for 600-Volt Rectifiers Supplied 
from a 60-Cycle System 


Harmonics 
6th 12th 18th 
(360 (720 (1,080 24th* 
Transformer Cycles) Cycles) Cycles) (1,440 
Connection Volts Volts Volts Cycles) 
6-phase, Double- 
SONU ORIG retruy cic reo sara iS eens Ui irarenete * 
12-phase quad- 
MUDIGIZIEZEG se ceteb Osi ks See O60... id 
* Note: With the types of filters considered, an 


incidental reduction of about 4 to 1 can usually 
be expected for the 24th harmonic of a 6-phase 
rectifier with 60-cycle a-c supply, a reduction which 
would result in a corresponding remainder of about 
1.8 volts. An incidental reduction of about 2 to 
1 can usually be expected in the 24th harmonic of 
a 12-phase rectifier, giving a remainder of about 
3.6 volts. 
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Figure 15 (left). 
Schematic of simple 
6-phase rectifier. 
(Consists of only 
one commutating 
group.) 


D-C 
OUTPUT 


Figure 16 (right). 
D-c wave shape of 
6-phase rectifier 
without phase con- 
ly trol 


V. Technical Information for 
Studies 


To provide technical data useful in 
studies prior to and during a testing 
program, but not as a substitute for such 
tests, Figures 3 to 10 and Tables III and 
IV have been prepared. These and 
several related matters are discussed in 
the following Items, A to F. 


A. THEORETICAL VOLTAGE TIF’S AND 
I-'T Propucrs WiTHOUT PHASE 
CONTROL 


Figures 8 and 5 contain curves of 
theoretical output voltage TIF and the 
corresponding total output I:T, for a 
rectifier operating with zero phase control, 
supplied from a 60-cycle power system, 
and connected to a 600-volt d-c system of 
specific assumed equivalent inductance 
Ly. If phase control is used, or con- 
templated, reference should be made to 
the somewhat similar curves of Figures 
7, 8, 9, and 10. 

For the abscissas of Figures 3 and 5, 
the product of the total equivalent per 
cent commutating reactance % Xen 
and the load ratio ([g/Ig;) is used, in 
which Jz is the d-c load current con- 
sidered and Jy, is the rated full-load 
current. The values on the curves 
represent the combined rss-weighted* 
contribution of the 6th, 12th, 18th, and 
24th harmonics of 60 cycles, which are 
generally the most important contribu- 
tors. 

The voltage TIF curves in Figure 3 
are the same as in Figures 7 and 8 for 
RV=1. The I-T curves given in Figure 
5 would be affected to some extent by 
the regulation. However, for the com- 


* Ratio of the square root of the sum of the squares 
of the TIF-weighted components in a current or 


voltage wave to the rms value of the wave. (Ap- 
pendix 1.) 
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U= Angle of overlap 


mutating reactance values generally used 
in practice, this effect would be relatively 
small and could be disregarded for the 
purposes covered by this report. 

In the event that the power system 
supply frequency is other than 60 cycles, 
reference can be made to the curves of 
harmonic voltages shown in Figures 19, 
20, 21, and 22, and the information in 
Appendix II and reference 4 to derive 
the corresponding influence factors. 

In preparing the influence curves of 
Figures 3 and 5, the following basic 
assumptions have been used: 


1. Rectifier output voltage at full load = 
600 volts direct current. 


2. Internal inductance. LZ, of rectifier 
unit=0.09 millihenry. (Corresponds ap- 
proximately to a rectifier power rating of 
1,000 kw with a rectifier transformer rating 
of about 1,150 kva.) (Also see Part V—E.) 


3. Total “equivalent inductance” Ly of 
d-c system =1.0 millihenry, a value which 
is fairly representative for a 600-volt d-c 
street railway system. 


4. The impedance of a d-c traction system 
usually has the characteristics of an induc- 
tive reactance throughout the frequency 
range which is of interest here (although the 
system impedance has occasionally been 
found to have the characteristics of a 
parallel combination of inductance and 
capacitance). Additional information on 
this is given in Part V—D. 


With these specific values of assumed 
inductance, the mth harmonic voltage — 
Vam impressed directly upon the d-c 
system itself would be about 0.92 of the — 
corresponding internally-generated har- — 
monic voltage Eg, at any of the fre- 
quencies of chief interest, and this has 
been taken into account in the curves of 
Figure 3. 
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Figure 17. D-c wave shape of 6-phase 
rectifier with phase control 


It is, of course, possible for the equiva- 
lent inductance L;, and the correspond- 
ing d-c system harmonic impedances, to 
vary appreciably with different types of 
system (Part V—D) and, to some extent, 
also with load on a particular system. 
The rectifier-unit internal inductance L, 
can also vary for various reasons but 
generally with much less effect than L, 
upon the total impedance. 


Estimation of I-T Product Per Trolley- 
Feeder. For most practical purposes 
within the ranges of total equivalent 
inductance L;, generally encountered on 
600-volt d-c street railway systems, 
the I-T product per trolley-feeder with- 
out phase control can generally be taken 
empirically as about 0.2 of the values of 
total output I-T shown in Figure 5, 
without applying the adjustment factors 
referred to in a later paragraph of this 
section. 

This approximate relation is based on 
an assumed inductance of 5 millihenrys 
for an individual feeder. This is an 
average valye, indicated by available 
data, for 600-volt street railway feeders 
having the more usual length of 2 to 3 
miles, or about 2 millihenrys per mile. 
Since the curves of Figure 5 are based on 
a d-c system inductance of 1 millihenry, 
the I-T product for a 5-millihenry circuit 
would be approximately one-fifth, or 
0.2 of the values given by the curves. 
The harmonic output voltages of the 
rectifier are not affected greatly by the 
variations in the d-c system inductance 
usually encountered. 

_ If some individual feeder is materially 
different from the average length of 2 to 
3 miles, its inductance can be estimated 
from the numerical information given 
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in the preceding paragraph and the I:T 
product for the feeder is equal approxi- 
mately to the values given in Figure 5 
divided by the feeder inductance in 
millihenrys. 

If the kilowatt rating of a rectifier 
installation is materially different from 
1,000 kw or if the inductance Ly of the 
d-c output circuit differs materially from 
1 millihenry, adjustment factors given by 
the curves of Figures 4 and 6 may be 
applied to the values of TIF and total 
I-T obtained from Figures 3 and 5. 
If the trolley feeders are of the same 
general type, so that they have approxi- 
mately the same impedance per mile at 
the harmonic frequencies, it can be as- 
sumed that the total I-T will be dis- 
tributed among the feeders in about the 
inverse ratio of their lengths. 


B. ESTIMATION OF ToTAL PER CENT 
COMMUTATING REACTANCE (TOTAL 
% Xen) 


When employing Figures 3 or 5, or 
Figures 7, 8, 9, or 10, use is made of the 
total comimutating reactance of any 
specific rectifier installation. This re- 
actance is the sum of the individual 
reactances of the respective parts of the 
circuit through which power flows to 
the rectifier, expressed as percentages on 
the total rectifier transformer kilovolt- 
ampere base. Methods of estimating 
or determining this total reactance and 
its constituent parts, such as the rectifier 
transformer itself and the a-c supply 
circuit, are outlined in some detail in the 
1946 report! as well as in that part of 
reference 7 which concerns Circuit Con- 
stants. These details are not repeated 
here. 

When considering the wave shape on 
the d-c output, the following items may 
be helpful: 


1. According to the ASA Standard 
C57.18-1948,* the name-plate of a rectifier 
transformer includes the following data: 


A-c line current and transformer rated 
kilovolt amperes, which is the kilovolt 
amperage at the a-c line terminals at 
full load. 


Per cent impedance, which is the trans- 
former short-circuit impedance deter- 
mined by factory test with the total d-c 
winding short-circuited. 


Commutating reactance (X,), in ohms, 
referred to the d-c winding. This 
reactance is determined by factory test, 
in accordance with Item 5.304 of reference 
2. 


2. The commutating reactance of a rectifier 
unit is the important reactance in so far 
as the wave shape of the d-c output voltage 
is concerned. (Also see Appendix II.) 


3. The total equivalent per cent com- 
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mutating reactance, for use in connection 
with Figures 3, 5, 7, 8, 9, and 10, may be 
determined as follows: 


The commutating reactance X, (in ohms) 
of the rectifier transformer is converted 
into equivalent reactance, in ohms 
referred to the a-c line, X¢n, by equation 
1 or 2. 


Xen=X(En/Es)? for the 6-phase 
double-Y or the 12-phase 
quadruple zigzag, primary 
either delta or Y (1) 


Xen=3X(En/Es)? for the 6-phase 
fork with primary either delta 
or Y, and for the 6-phase star, 
with primary delta (2) 


where 


n=a-c system line-to-neutral voltage in 
rms volts 


s =transformer d-c winding line-to-neutral 
voltage in rms volts 


To the value of X., for the rectifier 
transformer, obtained by means of 
equation 1 or 2, should be added the 
reactance in ohms of any power circuit 
element (such as a series reactor on the 
a-c side) that may be connected ahead 
of the rectifier transformer, and the 
reactance in ohms of the a-c supply 
system. 

The total reactance, in ohms, obtained 
in the preceding paragraph, should be con- 
verted into equivalent total % Xg¢n, on 
the rectifier transformer kilovolt-ampere 
base, by means of equation 3 for use 
in Figures 3, 5, 7, 8, 9, and 10. 


oo X.=xX a] (3) 
7/0 cn = cn 10 Ex? 


in which /, is the a-c line-to-line voltage 
in rms kilovolts. This avoids the use 
of different kilovolt-ampere bases for 
the two quadruple zigzag connections 
referred to in Part IIJ—D. 


4. If the rectifier transformer kilovolt- 
amperage is not known, it can be approxi- 
mated by equation 1 in Table VII of the 
1946 report.! 


5. If the value of the rectifier transformer 
commutating reactance, or the reactance 
of any other element in the a-c circuit, is not 
available, it should preferably be obtained 
from the manufacturer. If that is not 
possible, the values of equivalent % Xen 
given in Table III for the rectifier trans- 


Table Ill. Approximate Equivalent % Xcn 
of Street Railway Rectifier Transformers* 


. <= 


Approximate 


Voltage Class on 
Equivalent % Xen 


A-C Side, in Kv 


Wipito SASS BViins viene cio in = eieetary errainls 6 
Upto) GOV OWA S aye la ave ie nreseisrsaisaieral cere 8 
Up to 115.0 Kv... ... eee cece e eens 10 
Up to 161.0 kv.......2- 2s eee er neers 12 


* Refers to transformers for mercury-arc rectifiers 
Transformers for mechanical rectifiers may have 
values different from these. 
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founer conmections of Migure 1 may be 
used, for preliminary studies mt least, 


4, Hf the reaelanee of the supply system 
is not known, We ean be approdimated fron 
the ldlovolt-ampere interrupting capacity 
rating (evan) of the reetifier gee elreuit 
breaker, ‘The corresponding per cent 
reactance on the Idlovoltaimpere base of 
the rectifier transformer (evan) de C100 
keviin)/kvon, Uf the interrupting eapaelty 
of the clrewlt breaker is not known, a value 
of | or Y per cont can be nesimed for the 
we system renetanee, and thie should be 
added to the U% Nyy, of the rectifier tratie 
former (o obtain the total % Nan TE the 
per Vout renetance ie known on a different 
Idlovoll ampere biee from that of the 
rectifier trinelormer, i con be converted 
(o the latter by means of equation 4 in 
Table VIE of the [N46 report 


7 lor a pretiiinary atidy, Hf the rene 
dives are nol lnown and cannot be eatt 
nuded, & total % Non ol MW per cent ean he 
assed for OG opliase conmeetions and 16 
per cent for the Te pliase quadruple gignag 
eonleetion 


C, Ouvreur WAV SHAPI Wit 
PiAsn CoN reo 


Cora Hinterial 
pliuse control is 


As iidicnted (here, pliase 


explanitory con 


COM ineluded = in 
Appendix U1 
control ia tised on a reetitier for redueniy 
the dhe output volliye Co some valite 
below the yvaliie obtained without plinse 
eoutrol, 

The appliention of pliase control toa 
rectifier many be expeeted to inerense (he 
Haynitide of Che output tarmonie volt 
ives, Wi houph a does nol change the 
orders of These harmonies, ‘Phese etleets 
lend lo iierense considerably the overall 
output voltage PHM s and PeP prodieta, 
exeepl in certain, soniewhat ertieat, 
Operitiny reyions Uliatrated tore ape 
oifieally by Tipiires 7, 8,0, and 10, 

Ad already indiouted brietly, Tijures 
Sand bare concerned with (he Cheareteal 
output voltae THM sy and Leh prodiiete 


withoul plage control 

With the ald of MMpwre 7 or 8, the 
vollape THs tiipredmed on a GOO volt 
Lanitihenry che system can be eattoated 
for conditions corresponding to full toad 
current, Tractionallowd ourrent or oa 
vertain ainount of overload euerent, 
Without pliase control or with vartous 
amounte of sel eontvol As with igties 
Hand 6, the abselataa on Mpires % 10 
are plotted With respeet Lo the prodiet ol 
(he lowd-eurrent rato Jy) Gone eu 
rent 7, Considered with teapeet to the 
rated current Jy) and the Cotal equiva 


lent per cent GOnmMitating reaetanoe 
(total % Nay), Here, alao, the curves 
reprodent the combined  raaweiyhted 


eontribution of the Oth, 12th, EXth, and 
YAK harmonies of GO eyelos, 
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My My 


AC SIDE 


WITHOUT PHASE CONTROL 


Voltages 
Group 
(1, 3, 5), 


Ny 


Anode 
Current 
(1, 3, 6) 


Vollages 
Group 


2, 4, 6) 


Anode 
Current 
(2, 4, 6) 


Output 
Vollage 


No 


control 


In referring Go the curves of igure 8, 
Hh, and 7-10, W should be wnderatood that 
recUiliers of different types but having 
(he same kilowatt ratiog and aabetantially 
identical olimie conmutating reactance 
XY, do tol necessarily identionl 
oOn(pul wave sliapes, This ean be seen 
from equations La, 


linve 


Wigtires 7 and S show the output voltage 
THs with various aimounte of phase 
control, “These apply to certain reetifier 
cireuils Having & total eommutating re 
Hetanee OF & per eent for the G-phare 
eireuita and 16 per eent for the 12 phase 
oirenita, Where required, adjustment 
fnetors, referred to in Table TY ean be 
obtained front Vigtive 4, 

The ET's corresponding to the voltage 
THs shown on WMigtrea 7% and & are 
indiented on TMigures 2 and 10, respee 
lively, for various amounta of phage 
control Adjiumtinent taetora whieh ean 
he applied to (he ordinates of Tipures 
and 10, tinder certain conditions ve 
ferred (to in ‘Table TV, are given on 
Wipe (, 

Hi ahould be enphasived Chat the curves 
of Higures ) and 10 are based on a total 


“ Noy of 8 per cont for the Gephage 
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circuits and 16 per cent for the 12-phase 
clvouita and the voltage regulation cor- 
responding to this reactance, Theo» 
relioally, supplementary adjustment faec- 
tors would be required, for these two 
figures, to take into account the effect 
(on the IT's) of the different specific 
vollaye regulation for cases where the 
total [% Ao, is other than 8 per cent, 
Nor the commutating reactance values 
wenerally used in 
however, this effeet would be reasonably 
amall and can be disregarded for the 
purposes covered by this report, 

It may be noted further that the bT 
curves of Mgures 9 and 10 are based on a 
direet output vollage of GOO volts at full 
load for the non-phase-controlled eondi- 
ion, Hf this noneontrolled  full-load 
voltage ia greater or lesa than G00, the 


ordinates of Migures 9 and 10 should be — 


multiplied by the ratio of this actual 
voltage to G00, in addition to any other 


adjuatment faetors which way apply, 


Kistimation of 1, T Product Per Trolley ' 


Heedey, Mor moat practical purposes, 
the groundereturn IeP product 4 
irotley-feeder can generally be estima 
empirically ag about 0.2 of the res 


ATER DRANS 


actual — practice 


seni 2 billet ai 


=. 


Table IV. Notes Concerning Figures 7, 8, 
9, and 10 


- 


1. RV is the ratio of the average direct voltage 
with phase control to the average direct voltage 
without phase control at the same load current, 
This ratio is sometimes called the ‘voltage control 
ratio” or the “phase control ratio.”” For example, 
if the direct voltage at a given load current were 
600 volts without phase control and 15 per cent 
phase control were then applied (but with the load 


‘current staying the same), RV would be (1.00— 


0.15) 40.85 and the “remaining’’ direct voltage 
(under the “controlled’’ condition) would be 


(0.85) (600) =510 volts, 


2. In Figures 7, 8, 9, and 10, 
associated with RV are: 


the conditions 


Amount of Remaining 
Phase Control Direct Corresponding 
Near No Load, Voltage Angle of Retard 
Per Cent SERVE a, Degrees 
ENCORE MINA vies 40% ASOD wunavker crit 0.0 
2.0 CN Wiest COR LO eo Chik Sa 11.5 
COMMING sa slo. .0. WE WA A Soe he 19.9 
TOO ee (OSs! Leena bra cera he 25.8 
Us 0028 SSS COA CTech onan ec 31.8 
SEU hrete 5 Aiea, 4. 00 UB etomnteay a rane 36.9 


8. Where known (or assumed) equivalent in- 
ductance “‘Ly”’ of d-c system is materially different 
from 1 millihenry, or where rating of rectifier is 
materially different from 1,000 kw, multiply 
ordinates of Figures 7, 8, 9, and 10 by adjustment 
factors as follows: With Figures 7 and 8, use 
adjustment factors from Figure 4. With Figures 
9 avd 10, use adjustment factors from Figure 6, 


4, Curves on Figures 7, 8, 9, and 10 show rss total 
TIF contribution of 6th, 12th, 18th, and 24th 
harmonics of 60 cycles. Note also that curves on 
Figures 8 and 10 (for 12-phase rectifier) include 
contributions of 6th and 18th harmonics at 25 
per cent of their theoretical 6-phase values. 


5. Any specific value of I:'T on Figure 9 or Figure 
10 is a fotal 1-'T product into a 1-millihenry d-c 


system. For empirical method of estimating 
corresponding 1:T product per trolley-feeder, 
see text, 


values of total output I-T obtained from 
Figures 9 and 10 and adjusted, where 
necessary, as just outlined in the pre- 
ceding paragraphs. The basis for the use 
of the multiplier of 0.2 was outlined in 
Patio V=—A., 

If the known or assumed equivalent 
inductance Ly, of the d-c system is 
materially different from 1 millihenry, 
or if the rectifier rating is substantially 
different from 1,000 kw, the adjustment 
factors given in Figure 6 may be applied 
to the I-T values obtained from Figures 
9 and 10. In that event, the empirical 
procedure mentioned in the preceding 
paragraph would not generally apply. 


D. EouivALent INDUCTANCE OF 
D-C System 


For the average city railway substation 
supplying from five to ten 600-volt d-c 
feeder sections, it has been found that 
the system impedance is equivalent to an 


inductance L, of about 0.5 to about 


with an average of 


.5 tmillihenrys, 
: In a concen- 


ghly 1 millihenry.”* 
d city traffic area, equivalent in- 


 ductances from about 0.2 to 0.5 putt 
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Table V. Harmonics Arising in D-C End of Free Rectifiers 


Respective Rms Harmonic Voltages Are Expressed in Per Cent of the D-C Voltage, at No Load 
or at Full Load, * as Indicated 


— te oo ory 


— a — —-- 


Harmonic Voltages 
at “No Load" 
in Per Cent of 
No Load dee Voltage** 


6- -Phase 12-Phase 
Order of Rectifier Rectifier 
Harmonie (Without Phase Control) 
L Heteis tt MIST sorte asoCh Ole ¥.< 
Lad Pa SANDERS Cente 0,980 ., 
AS oy aca VRS QURSS cr evhursnrMOhaare + 
BE AWN ate 0,246,, vue Os eee fink 
BOS Le Qiee hss icvsas 1 CO Ode e 
SO" venates UROL BUU RA Dies 0.109 
PGs, Se oe OOO veers (0, 020) { 
AB) vita vain OG WOGL any in 0.001 
ae OF) pute ahh QORO eer ain (0,012) 4 
SU y ain cee ain QiOse isk uevrs 0089 


Ring Harmonie Voltages 
at Pull Load, Expreased 
in Per Cent of Pull Load 
dee Voltage ** 
Harinonld Rrequencles 


6-Phase 12-Phase with GO-Oyole 

Reotifier Reotifier Bouree of Supply 
(Without Phage Control) (Cyoles) 
CELT Sea ee (1. 80) 4 aad 
9.05 9,10 yoo 
1.00 (O48) 4 1,080 
1.20 1,21 1,440 
0.04 (O84) { 1,800 
0.86 ORT Y. 100 
0.06 (14) 4 ¥, 520 
oO. 0.09 + AAD) 
O54 (O, tay] uyeao 
0.40, 0.60 4, a00 


* Strictly speaking, the percentage values shown for (he full-oad eondition apply primarily to a 6 phase 
rectifier having a total commutating reactanee of & per cent and a IY phase reetifier with a total eam 


mutating reactance of 16 per cent, 


** Other harmonies may be present if the rectifier ie unbalanced, as by differenees (a apptied valtaye or 
phase control between units, of may Come Chrough from the ace power supply 


} The series continues above these values 


{The 6th harmonic and ity odd multiples are theoretically eliminated by the 12 phase eonneetion but 


actually they are found to be present in redueed amounts 


The percentage mayguitiidea shown above, 


in (), for the 12-phase cormection are given here ae YS per cent of the Cheoretionl valiwew of the Oth, Fath, 
30th, and so on, harmonics for a G-phase rectifier having a corresponding type of transformer eonnention 


Note: 


The percentage magnitudes shown without brackets, for hoth (he G-phase and the ephase reetifere, 


are the theoretical values of the unsuppressed harmonies 


henry were measured recently, Tn urban 
or suburban areas, an empirical average 
value of about 5 millihenrys per individual 
feeder of a 600-volt single-trolley-per 
track street railway might therefore 
apply, except for feeders less than 2 or 3 
miles in length, An equivalent in 
ductance as high as 6 millihenrys has 
been observed for a single feeder section 
of a 600-volt interurban system, 

If lightning arresters of the electrolytic 
type (which have appreciable capaci 
tance) are attached to the station bus, 
or if such lightning arresters are used on 
the individual trolley cars, a condition 
of parallel reasonance may sometimes 
be encountered ustially occurring within 
the range 1,500 to 3,000 cycles and 
such system 
impedance would be capacitive at fre 
quencies above the resonance point, 


occasional cases the dee 


E. Interna, Inpucrancn (L,) of 
Reermimr Unit 


The equivalent internal indtctanee 
L, of the rectifier unit, for the harmonic 
currents in the d-e circuit, is related to 
the rectifier transformer reactance and 
depends upon the transformer connec- 
tion. 

The harmonic currents flow through 
the conducting phases. In general, if p 
is the number of phases per commulating 
group, and q is the total number of 
rectifier phases, the expression for the 
equivalent internal inductance of a 
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rectifier Having GQ-eyele fee aipply ta 


of the following type: 


?p X 


Lo = 
0 q hd, M 


assuming that the induetanee ia inatleeted 
by frequeney, In the relation — jist 
term Y is sed in a general, 
sense, More specifically, 
G-phiase 
eurrenl 


shown, the 
illustrative 
however; Vor the 
connection, (he harnionie 
through 2 phases in parallel (one pliise 


double S 
flows 


in each Y) and 

Ll Xo 
Lo= 9 977! in henrys (A) 
For the (2-phase quadruple  zipszap 
connection, the harmonie eurrent flows 
through 4 phases in parallel, and 

L Xo 
lo= in henrys (8) 


an 


or the G-phase fork connection, 


X4 aX 4 
y=... of (approximately) ——, ii henrys 


877 877 
(6) 


where Ay is the short cirenit reaelince 
in ohms, referred to the phase-toneutral 
voltage /4, of the dee side, and X, is the 
commutating reactunee, in ols, on 
the d-e side, 

For 600-volt dee systems, 
indicates that the internal inductance of 
a rectifier is roughly inversely propor 
tional to the kdlovolt amperage rating of 


experience 


1045 


Table VI 


Physical Quantity or Relation 


Type of Rectifier Transformer Connection 


6-Phase Double-Y or 
Double-Way. (Circuits 
23, 24, 45, and 467) 


6-Phase Fork or Delta-Star, 
(Circuits 9, 11, and 12”) 


12-Phase, Quadruple Zigzag 
(Circuits 53 and 54?) 


A. Some General Relations Applying to Certain Types of Rectifiers—Either Without or With Phase Control 


1. Relationship of the quantity (IcXc/Es) to the total commutating IeXc = 0.0122 % Xen IoXe 
reactance % Xen at full load current Es Es 
2. Ic=commutated current per secondary phase group, as related Ic*=Ia/2* 
to total output current Ja 
3. p=number of phases per secondary group 

(a) Equivalent, except at no load current and at very light loads: p=3 

(b) Actual at no load and very light loads 6 
4. q=total number of rectifier phases 6 


* 
=0.00707 % Xen “eXs — 0.00632 % Xen 
s 
Ic=Id Ie*=1g/4* 
p=6 p=3 
6 12 
6 12 


B. Some Relations Which Apply When Rectifier Is Operating Without Phase Control 


5. Angle of overlap u 


(a) At full load current} 
(b) At any load current Id 


(See Figure 24, curve for RV =1.00) 

6. Ea=direct output voltage with load current of Id 
(See Figure 23, curve corresponding toRV =1.00) 

7. Edo=‘‘no-load”’ direct voltage 


(a) Equivalent, except at actual no load or very light load 


(b) Actual at no load or at very light load 


Cos u=1—%Xen/100 
Cos u=1—0.816 I[cXc/ Es 


Eao(1 —0.408 I¢Xc/ Es) 


1.17 Es 
1.35 Es 


Cos u=1 — %Xen/100 
Cos u=1—1.414 IcXc/Es 


Edo(1—0.707 IcXc/ Ea) 


Cos u=1—0.516 (% Xen/100) 
Cos u=1—0.816 I[cXc/Es 


Edo(1 — 0.408 IeXc/ Es) 


1.35 Es 


Ls 
1.35 Es 1.40 Es 


C. Some Relations Which Apply When Rectifier Is Operating With Phase Control 


8. Angle of retard: For a given percentage reduction of the output voltage—namely, 100 (1— RV)—the corresponding angle of retard a can be obtained with 


the aid of Item 10 


9. Total angle of delay (vata) 
(See Figure 24) 


10. 


same load current Jd 
15 


Ratio of direct output load voltage E’, with retard of a degrees 


Cosine of (wa+a) = 
(Cos a—0.816 I¢Xc/ Es) 


RV=ratio of direct output voltage Ea’, with retard of a 
degrees, to output voltage Ea which would exist without retard at 


2.45 cos a—IcXc/Es 


Cosine of (ua+e) = 
(Cos «—1.414 I¢X¢/ Es) 


1.414 cos a—IcXc/Es 


Cosine of (va+a) = 
(Cos a—0.816 I¢Xe/ Es) 


2.45 cos a—IcXc/Es 


2.45—IcXc/Es 
cos a—0.408 ([eXc/ Es) 


and with specific load current of Jd, to ‘‘equivalent’’ noncontrolled 


no-load voltage Edo (of Item 7a). 


(Plotted in Figure 23) 


1.414—IcXc/Es 
cos a—0.707 (UcXc/ Es) 


2.45—IcXc/ Es 
cos a —0.408 (IcXc/ Es) 


* Note carefully the distinction between J; and Jd for the types of connection indicated by *. 


} At other than full-load current, multiply the right-hand part of the equation shown in Line 5(a)—namely, the part containing %Xcn—by the ratio Ia/Idr be- 


fore determining cos. 


the rectifier transformer and, for a num- 
ber of practical purposes, may be esti- 
mated reasonably closely by the ap- 
proximate formula: L,, in millihenrys= 
110/kva, as mentioned in other litera- 
ture.24 In cases where a more accurate 
determination of L, might be of value, 
as possibly, for example, in designing a 
filter, use can be made of equations 4, 
5, or 6. 


F. DIscussion 


Some favorable and some unfavorable 
factors which may be considered quali- 
tatively in reviewing the inductive 
coordination aspects of street railway 
rectifier installations are: 


1. Rotary machines normally operating 
in parallel with the d-c side of rectifiers 
in the same substation are usually helpful 
since they offer a shunt path for the rectifier 
harmonic currents and thus tend to reduce 
the amount which would otherwise be 
supplied into the d-c system. The net 
effect, although appreciable, is seldom a 
controlling factor. 


2. Rotating d-c machines operating on the 
d-c system in substations adjacent to a 
rectifier substation are generally unfavor- 
able, since their relatively low impedance 
will tend to draw increased harmonic cur- 
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rents from the rectifier, over the intervening 
d-c system; and thus increase the effect 
of any exposures which exist along the way. 
Tie feeders between such substations will, 
of course, tend to increase such currents, 
particularly if these ties are relatively short. 


3. With a radial d-c system, the harmonic 
currents impressed upon the d-c system as 
a whole will divide in the several directions 
from the rectifier. However, the presence of 
conductors which are not a part of the d-c 
system may be an unfavorable factor, since 
such conductors may offer remote metallic- 
return paths for the rectifier harmonic 
currents. 


4. The capacitance which is, in effect, 
presented by lightning arresters of the 
electrolytic type in case they are attached 
to the station d-c bus, or if they are used on 
the individual trolley cars, can in some 
instances affect the inductive co-ordination 
problem considerably. (See Equivalent 
Inductance of D-C System, also Appendix 
III.) ' 


Appendix |. Fundamentals of 
Noise-Frequency Co-ordination 


Work and Terms Used 


In this Appendix, some of the funda- 
mentals of noise-frequency inductive co- 
ordination work and the terms used are 
discussed. For a more complete discussion 
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of this matter, reference should be made to 
the 1946 report.!. The following material 
includes a condensed discussion concerning 
some of the more important underlying 
principles and, particularly, certain addi- 
tional information concerning the signifi- 
cance of the terms balanced, residual, and 
ground-return currents and voltages as 
used in connection with d-e circuits in the 
present report. 


Inductive Co-ordination 


The practical job of noise-frequency 
inductive co-ordination is to control coupling 
influence and susceptiveness within practical 
limits, so that telephone circuit noise is 
adequately controlled at minimum cost and 
maximum satisfaction to both power and 
telephone customers, 

The significance of the terms inductive 
coupling, inductive influence, and inductive 
susceptiveness, will be found in reference 
37. It is theoretically possible, but usually 
not practical, to have power circuits with 
almost zero influence; they would cause 
very little noise in any telephone circuit 
regardless of its susceptiveness. It is 
theoretically possible to have telephone 
circuits of practically zero susceptiveness 
(for example, by having perfect balance and 
transpositions); they would not be noisy 
regardless of the influence of near-by power 
circuits. Also, if the power and telephone 
systems were separated by large distances, 
the coupling, and hence the noise, would” 
be negligible. However, none of these 
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The expression “controlled d-c voltage” is used on this 


curve sheet to denote the product: 


“RV” times the d-c voltage which the rectifier would 0 
develop at the same specific load current (such as 
represented by any given value of I¢ X¢/Es) 


without phase control. 
Io Xg/Esfor P = 3" 
0.20 0.30 


0.40 


nO 
DS) 


Ic Xc /Eg for P= 3" 
0.30 


0.10 0.20 


Figures 19, 20, 
21, and 22. The 
6th, 12th, 18th, 


12TH 


0.50 


EELTE 


and 24th har- 
monic voltages in 
the output of a 
phase- controlled 
rectifier as a func- 
tion of I-X./E;, 
for different de- 


grees of phase 
control. Amount 


of phase control, 


in per cent=100 


CORRESPONDING CONTROLLED D-C VOLTAGE UNDER LOAD. 


PERCENTAGE VALUE OF RMS HARMONIC VOLTAGE REFERRED TO 


(1—RV) 


FIGURE 19 


FIGURE 20 


“NOTE: In event that the rectifier circuit is such that “p” = 6 (as, for example, delta 6- phase star): First (a) multiply 
the actual value of I, Xc¢/Es by 1.73 and then (b) with this “adjusted” value of Ic Xc/Eg enter 
directly the scales of abscissae for “p* = 3 shown on the four figures associated herewith. 


PERCENTAGE VALUE OF RMS HARMONIC VOLTAGE REFERRED TO CORRESPONDING CONTROLLED D-C VOLTAGE UNDER LOAD. 


0 0.10 0.20 0.30 0.40 
\ Ico Xc/Esfor P = 3 
FIGURE 21 
theoretical methods is practicable, in 


general, in the present state of the art. 


Magnetic and Electric 
Induction—Coupling 


Voltages induced on telephone circuits 
by power circuit currents are said to be due 
_ to magnetic induction; voltages caused by 

- power circuit voltages are said to be due to 
electric induction. These forms of induc- 
tion ‘may be treated as though they exist 
independently. 

The magnetic induction process at har- 
monic frequencies in its simplest form is 
illustrated on Figure 11. 
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1. A mutual reactance, or magnetic 
coupling, exists between the power wire 
(of either an a-c or a d-c system) and the 
near-by telephone wire because the magnetic 
flux associated with the power-wire current 
links the telephone wire. The total amount 
of flux (per unit of power-wire current) 
which links the telephone wire is propor- 
tional to length of exposure and increases as 
the separation is decreased. 

2. The voltage e induced in the telephone 
wire is proportional to the total flux which 
links it and to frequency. The current in 
the telephone wire is this voltage divided 
by (Z4+Zz). The voltage to ground 
at one end of the exposure is this cur- 
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0.30 
Io Xc/Es for P= 3 
FIGURE 22 


rent times Z,; atthe other, times Zz. 

The electric induction process in its 
simplest form is illustrated on Figure 12. 
The power wire has on it an harmonic 
voltage E to ground. 


1. Between the power wire (of either 
an a-c or a d-c system) and a nearby 
telephone wire, electric coupling, repre- 
sented by capacitance Cpr, exists. The 
magnitude of this capacitance is directly 
proportional to length of exposure and 
increases as the separation between the 
wires decreases. Its impedance is inversely 
proportional to frequency. 


2. The telephone wire has finite im- 
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pedances to ground, Z, and Zz, outside 
the exposure. These impedances are 
usually much smaller than the impedance 
of Cpr. The current to the telephone wire 
is therefore controlled by Cpr; it is directly 
proportional to the length of exposure and 
to frequency and magnitude of /. The 
corresponding voltage on the telephone wire 
is approximately equal to the product: 
current through Cp, times the impedance 
of Z, and Zz in parallel, if (as is often the 
case) the telephone line impedance in the 
exposure is relatively small in comparison 
with Z, and Zp. 


Voltage TIF and I-T Products — 
Inductive Influence 


Each harmonic voltage or current in a 
power system induces a voltage of the same 
frequency in a paralleling telephone circuit. 
This induced voltage may, in turn, actuate 
a telephone receiver and cause an audible 
sound. The composite of the sounds of 
all such frequencies present usually results 
in a humming sound commonly called noise. 
Different frequencies in this noise have 
different interfering effects?”** depending 
on the characteristics of the telephone 
circuits, receiver, the human ear, and other 
factors; relative interfering effects are 
called noise weightings and have been 
ascertained by extensive tests. 

Since the effects of both electric and 
magnetic coupling are directly proportional 
to frequency, the relative noise influence 
of voltages and currents which exist on the 
(a-e or d-c) power system is proportional to 
the product of noise weighting and fre- 
quency. For any frequency, this product 
(times a constant) is known as TIF (tele- 
phone influence factor), TIF weighting 
curves as functions of frequency are shown 
in Figure 13. 

There are three different sets of TIF 
weightings, which reflect changes in trans- 
mission-frequeney characteristics of tele- 
phone circuits and instruments over a long 
period: 


1. The ‘1918 weightings. These were 
known as telephone interference factor 
weightings and this name is still used to 
distinguish them from the later weightings 
which are called telephone influence factor 
weightings. 


2. The “1935” weightings.29 Note that 
these weightings were used in preparing 
Figures 3, 5, 7, 8, 9, and 10 of this report. 


3. The tentative “1941” weightings, 
These weightings have not been standardized 
and they may be out of date soon, since a 
review of the weighting curves is now in 
progress, They are shown here chiefly 
as a matter of information, 

The very small weighting of 60 cycles 
explains why only the harmonics are usually 
of interest from the noise-frequency induc- 
tion standpoint. 

While much induction work is carried out 
on the basis of individual harmonies, it 
frequently is desirable to use an over-all 
measure of the influence of a current or a 
voltage i, a power circuit. This over-all 
measure 1s obtained by multiplying the 
magnitude of each harmonic present 
(amperes, for current; ky for voltage) 
by its TIF weighting, and taking the square 
root of the sum of the squares of these 
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products. The result is; for current, 
I-T product; for voltage, KV+T product, 


Balanced, Residual and Ground- 
Return Currents and Voltages 


Suppose that in Figure 11 there were 
another power wire very close to the one 
shown there and that it carried an harmonic 
current equal and opposite to the current 
in the original wire; such a set of currents 
would be called balanced. The flux cutting 
the telephone wire would then be only the 
difference between the fluxes at that point 
arising from the currents in the two power 
wires. If the separation between the 
power wires were small, this difference 
would be small and hence the coupling 
would be small as compared to that for 
current which goes out on one or more 
wires and returns through the earth; 
that is, ground-return current. A similar 
analysis with respect to the voltages would 
indicate the same conclusions. 

On a railway system with overhead trolley 
and track return, the harmonic currents 
are fully unbalaneed and largely ground 
return, 

On a trolley-coach system in which the 
two conductors are adjacent and with one 
side of the circuit grounded at only one 
point, the harmonic currents through the 
loads and equipment are fully balanced and 
there is practically no ground-return cur: 
rent. If the harmonic currents in the two 
overhead contact conductors of such a 
unigrounded d-c system are unequal, due 
to differences in feeder lengths or wun 
balanced interconnections between trolley 
wires on the system, the harmonic currents 
will still be essentially balanced in nature 
even through the effective separation d of 
the conductors constituting, respectively, 
the going and return paths for a part of this 
balanced current is greater than that pre- 
sented by the two (-- and —) trolley 
conductors, 

For the same exposure conditions, any 
component of balanced harmonic current 
thus flowing in such a path of greater effec- 
tive separation would generally produce a 
greater magnetic coupling, with respect to 
near-by telephone conductors, than an 
equal balanced component confined entirely 
to an overhead trolley conductor and its 
closely adjacent mate, 

On a trolley-coach system having one 
side of the cireuit grounded at more than 
one point, part of the harmonic current 
will return over the overhead conductor 
which is connected to the grounded side; 
the remainder will flow through the earth 
between the points of grounding, The 
component of the harmonic current which 
flows over both overhead conductors is the 
balanced component, The difference of 
the harmonic currents in the two conductors 
is the residual current and is equal to the 
ground-return current, 


Metallic and Longitudinal Telephone 
Voltages and Currents 


With further reference to the voltages 
induced on the telephone wires (Figures 
11 and 12), let it be assumed that in Figure 
11 another telephone wire is added parallel 
and close to the first. The second wire 
will be linked by nearly the same flux as 
the first and the difference in the voltages 
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along the two wires will be a small draction 
of that along either one. If two télephone 
wires are thus present and are tised as a 
inetallie telephone cireuit, there is (a) 
longitudinal circuit induction, whieh is the 
voltage along or to ground on the two 
telephone conductors in parallel, and (b) 
direct metallic circuit induetion, whieh is 
the difference between the voltages along 
or to ground on the two wires, the direet 
metallic circuit induction being much the | 
smaller, The same sort of analysis could 
be carried through for eleetrie induetion, | 
with the same conelusions, | 
Direct metallic cireuit induction ean be 
reduced still further by transposing the 
telephone circuit, that is, interchanging the 
positions of the conductors periodically 
so that the voltages on both tend to be 
equal, In open wire circuits the reduetion 
obtainable, while large, is limited by 
unavoidable irregularities in exposure condi 
tions, In so-called twisted pair, or in 
cable circuits, the pairs are twisted go as to 
be continuously transposed, and direet 
metalic cireuit induction can be negleeted, 
When the telephone circuits are in metal — 
sheathed cable, the cable sheath provides, 
in addition, practically perfeet shielding 
against ¢leetric induction into the pairs 
within the cable if the sheath is grounded 
at one or more points, and it usually pros 
vides considerable shielding against tneage— 
netic induction if grounded at both ends, 
the degree of such shielding being limited 
by the resistance of the sheath and of the 
grounds, 


Susceptiveness 


The degree to which a telephone cireuit— 
can be affected by given extraneous electric 
and magnetic fields is called its suseeptive- 
ness, Suseeptiveness depends on such 
things as balance, adequacy of transposi- 
tions, and on the frequency response of the 
circuits and instruments and the level 
(magnitude) of the telephonic current and 
voltages at the point where the exposure 
exists, 44 . 


Appendix Il. Analysis of Effects 
of Rectifiers on D-C System 
Wave Shape 


An analysis of any of the output voltage 
wives of various rectifiers by the Pourier 
series, as, for example, the waves shown on 
Higures 16, 17, or 18, shows that it contains, — 
besides the dee component, harmonic fre. 
quencies of various specific orders, tie 
An important difference between the ae 
systems discussed in the 1946 Report and 
the dec systems covered in this report is 
this; on the dee side of a multiphase 
rectifier supplied from a 8-phage system the- 
output voltage has harmonies whose fre 
quencies are integral multiples of six times 
the fundamental frequeney, sueh as 60 
cycles, of the a-c power supply source, — 
whereas the harmonies on the ae end 
such a rectifier are certain odd multiples 6 
the, fundamental! 14000 Sieh mau even 
or odd integral numerical multiple is “ 
monly referred to as the order of the corre: — 
sponding harmonic, Mead 

The orders of the reg  ontput 


of 


ALEE TRANSACTIONS 


tS 


Plotted as a Function of I, Xo /Es for 


Different Values of Voltage Control Ratio RV. 


Figure 23 (left). 
Direct output 


os epee: voltage as a per- 
s centage of no- 
1000 Dose ROIS 2G15.7%°020 = 025. 030: foad) direct volt- 
C age with no re- 
a BS a RE 
& 2250556 tard 
co Nad 
<u = 90 - if . 
geo f : 
a 4 Ps 
Soz 
«= | Hy t 
wh 'o 
age.t eee peace 
Za 6 80 C a : 
Pas PEE PY 
Bwuwo L ARLE : 
<x<irz (bi eter pees 
aie “| SPCR Ree o ee woe ee 
on =< a ee fa Gr F a = 
>= Oe op 
gee ise: i SEER EET ees | Figure 24 (right). 9 
382 fii BE Beeueagas an H H} =Angle of over- = 
= qeshae Cera 
SES 6 ake _ E oasses : lap u, and angle 
= 3 ani: PERE EEE EEE EE EEE EEEEEEEEEEEEEEEE of retard «a, as 
= at 7 + SaaTEETTaEEEE Spaseaueauseeuan functions of 1,X./ 
tH Ht “EEE HE Et -CERA-EEEEAES E;, for different 
50 can ry { 1 i i} 4 7 ar + T H t 0 
0 0.10 0.20 0.30 0.40 050 ‘Values of voltage 
A Ne ee pk as Pe control ratio RV 
Es 
harmonics produced with phase control are 


not changed by increased phase control but 
their magnitudes can be changed con- 
siderably, generally upward, thereby, as 
illustrated by Figures 19, 20, 21, and 22. 


Output Circuit—Simplified 


Figure 14 illustrates, schematically, a 
d-c system supplied from a rectifier unit R 
consisting of the rectifier itself and its 
associated transformer. In addition to a 
direct voltage, the rectifier can be considered 
as generating internally a series of individual 
harmonic voltages, of which any one of 
them such as the mth harmonic can be 
represented here by Egm. With no rotary 
equipment operating in parallel with the 
rectifier unit at the same substation, the 
voltage Eg, will send a current [gm through 
the impedance of the d-c system Zzm in 
series with the equivalent internal im- 
pedance of the rectifier unit Z,,,. This 
current will, of course, be Iam=(Eam)/ 
(Zim+Zom) and there will result across 
the output of the rectifier unit, a location 
represented by point D—as, for example, 
the d-c bus—an external voltage Vam= 
IimZim. This voltage, indicated by Vam 
on Figure 14, can be considered as repre- 
senting any individual harmonic voltage, 
such as the mth or nth, actually impressed 
upon the d-c system itself. 

At harmonic frequencies, the internal 
impedance Z, of the rectifier unit can be 
considered as made up of a substantially 
pure inductance Ly, namely the equivalent 
inductance of the rectifier transformer 
(see Parts V—E, V—D, and V—A of main 
body). Also, as indicated in Part V—A of 
the main body of this report, the impedance 
of a 600-volt d-c traction system usually has 
the characteristics of an inductance Ly 


' throughout the frequency range of interest 


here. On this basis, the total nth harmonic 
current Jg, in the d-c circuit becomes 
{(Ean/(@n)(Li+L,)] and the corresponding 
external harmonic voltage impressed upon 


‘the d-c system at point D becomes [(Ean)X 
(L1)/(Li+ Lo). 
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Harmonics Generated 


Table V indicates the harmonic orders, 
that is, the multiples of the a-c supply 
fundamental frequency, produced on the 
d-c side of 6- and 12-phase rectifiers. The 
theoretical percentage magnitudes of the 
corresponding harmonic voltages at the 
respective no-load and full-load conditions 
specifically indicated on the table are shown 
by the unbracketed figures in Columns 2-3 
and 4-5, respectively. As to the bracketed 
figures shown there for the 6th, 18th, and 
so forth, harmonics for a 12-phase rectifier, 
it may be noted that in comparatively 
recent operating tests the average reduction 
in the 6th and 18th harmonics obtained by 
the use of the 12-phase connection of present 
design was approximately 3 or 4 to 1 com- 
pared with the values which would be 
obtained with a corresponding 6-phase 
connection. | An assumed suppression ratio 
of 4 to l, namely, 25 per cent remaining, 
in the 6th, 18th, 30th, and so on, harmonics 
has therefore been incorporated in the 
bracketed percentage magnitudes shown for 
those specific harmonics for the 12-phase 
case. 

As illustrated by the columns pertaining 
to the full-load condition indicated, the 
specific magnitudes of all of the respective 
harmonic voltages under load conditions 
with no phase control will depend to some 
extent upon the particular type of rectifier 
connection concerned. Although their re- 
spective orders remain unchanged, the 
magnitudes of the harmonic voltages 
associated with the output of a free rectifier, 
particularly harmonics of the higher orders, 
generally increase as the load current 
increases and this is further illustrated later 
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0.20 


“E-For P=3 


0.30 


by the no-phase-control curves on Figures 
19, 20, 21, and 22. 

In the relatively occasional case where 
specific harmonics of fairly large magnitudes 
are present in the voltage of the a-c supply, 
the wave shape of the d-c output voltage 
of the rectifier can be further modified by 
them. In either the 6-phase or the 12- 
phase rectifier, such a prominent 5th or 
7th harmonic in the supply voltage can of 
itself contribute some 6th harmonic voltage 
on tHe output side; a prominent 11th or 
13th can contribute some 12th harmonic, 
and so on.*88 Such possible contributions 
are in addition to the components normally 
arising in the d-c side but, for any particular 
harmonic thus affected, the relative phase 
angles of these two respective contributions 
are not usually known. In all of these 
cases the rms value of a particular harmonic 
contribution which may thus come through 
from the a-c side to the d-c side, expressed 
in per cent of the direct output voltage, is 
by itself approximately 0.7 times the per- 
centage value of the harmonic on the a-e 
side which thus produces it. 


Principles Underlying Harmonic 
Generation in Simple 6-Phase 
Rectifier 


The way in which harmonic voltages 
arise in the output of a simple rectifier is 
illustrated by the following. 

Figure 15 shows the circuit of a simple 
6-phase rectifier. Although this delta 6- 
phase star circuit now is rarely employed 
in practice, it is useful here in simplifying 
the explanation of harmonic generation in 
that it has no interphase transformers. 
Hence the six windings constitute a single 
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commutating group which carries all of the 
output current J/g. Here, g the total 
quantity, that is, the total number of 
rectifier phases and p the number of phases 
per commutating group are, therefore, both 
equal to 6. These quantities q and p 
for several types of rectifier are shown in 
Table VI. 

It should be borne in mind that current 
flow in any individual tube takes place 
when a positive voltage is impressed on the 
anode with respect to the cathode after 
the tube is made conductive. Under the 
condition of free conduction, each anode is 
permitted to start firing as soon as its 
voltage becomes positive with respect to the 
cathode. If phase control is applied, the 
start of conduction is further delayed by 
various means, * 4th 1% 38 

The manner in which the corresponding 
harmonics characteristically arise in the 
normal operation of the d-c end of a rec- 
tifier such as shown in Figure 15 can be 
visualized from Figure 16, applying to the 
condition of no phase control, and Figure 17, 
applying to the phase-controlled condition. 
It is assumed here that the a-c supply 
circuit is balanced, with its 3-phase voltages 
120 degrees apart and sinusoidal in form. 

In these latter two figures ¢, @, and és 
illustrate, symbolically, three of the six 
phase-to-neutral voltages applied to the 
respective anodes of a 6-phase rectifier by 
the rectifier transformer, the crest value of 
each of these voltages being Ay. The 
rms value of E,, namely, 0.707 Eo, is 
referred to as Es in various parts of this 
report. The theoretical output voltage 
wave shape is indicated by a heavy trace 
ea in these figures. With the particular 
rectifier circuit shown on Figure 15, the 
equivalent no-load voltage, without phase 
control, and the actual direct voltage at no 
load are identical in magnitude and are 
Ea =1.35 Es, as indicated in Table VI. 

Referring, for simplicity, to two suc- 
cessive anodes, such as Rk; and R, of Figure 
16, what transpires from the standpoint 
of wave shape is essentially as follows: 


No-Loap Conprrions 


First, assume conditions such that the 
load on the d-c side is very small, being 
just sufficient to maintain the are in the 
rectifier. Substantially no-load conditions 
then exist. 


Without Phase Control. Refer to Figure 
16(A) and consider anode R, to be firing, 
_with no phase control. At point A, anode 
Ry takes up; the firing while anode Rk; 
ceases to fire, 


With Phase Control. Refer to Figure 
17(A) and assume that the start of conduc- 
tion by anode 2» is delayed beyond point A 
by phase control applied for a period of time 
AB represented by the electrical angle a. 
Under this condition, an anode such as Ry 
continues to fire despite the fact that its 
voltage is lower than that of the next 
succeeding anode such as Ry. The angle 
a is known as the angle of retard and the 
average value of the direct voltage is de- 
_ ereased by increasing this angle. 


Unprr Loap 


‘Transfer of load current from anode 
R, to anode R, begins at point A on Figure 
16(B), without phase control and at point 
B on Figure 17(B) with phase control. 
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However, this transfer cannot take place 
instantaneously since it is opposed by the 
reactance of the two rectifier transformer 
windings associated with anodes R; and Re 
plus that of the a-c supply line, namely 
by the total commutating reactance, This 
transfer of current from one anode to the 
next is called commutation, Its duration 
in time is represented by the interval AC 
in Figure 16(B) and BC in Figure 17(B). 
These time intervals correspond to a so- 
called angle of overlap, indicated by wu on 
Figure 16(B) without phase control and by 
we on Figure 17(B) with phase control. 
The subscript a@ has been added to the 
symbol « in Figure 17(B) to emphasize the 
fact that, for any specific magnitude of load 
current thus commutated, the angle of 
overlap with phase control on a particular 
rectifier is smaller than it would be for the 
same rectifier free-firing. During commuta- 
tion, the d-c output voltage is the average 
of the voltages for anodes RK; and Re» for 
the period considered. At the end of the 
commutating period, namely, at C in 
Figures 16(B) and 17(B), anode R, stops 
carrying current and the d-c circuit voltage 
rises to ¢, the value corresponding to anode 
R,. The anode current changes during 
commutation, but the sum (the total com- 
mutated current J,) is at all times equal to 
the assumed constant d-c output current 
Ta for the particular rectifier circuit shown 
on Figure 15, (For rectifiers with inter- 
phase transformers, J, is only a certain part 
of Ja, as emphasized later.) 

The existence of ripples, namely, har- 
monics, in the output voltage wave is 
evident from Figures 16 and 17, As 
already indicated, the presence of these 
harmonies together with their respective 
frequencies and theoretical magnitudes can 
be demonstrated by means of the Fourier 
series. 

In analyzing the wave shapes of the d-c 
ends of ordinary 6-phase and 12-phase 
rectifiers it has been found that the as- 
sumption of a steady direct current, at any 
particular load, gives sufficient accuracy 
for most practical purposes. To facilitate 
such analysis, it is generally assumed that 
the d-c system (including the load) supplied 
by the rectifier is of relatively high in- 
ductance, 


Harmonic Generation in Rectifier 
Circuits Having Interphase 
Transformers 


Reference is made, in this Appendix, to 
the term ~, namely, the number of phases 
per group of rectifier transformer secondary 
windings, that is, on the rectifier side. The 
significance of this term as contrasted with 
q (=the tolal number of rectifier phases), 
for types of connection where this distine- 
tion is necessary, is illustrated by Figure 18, 
which is of itself concerned with the delta 
6-phase double-Y connection employing 
interphase transformers. In the following 
paragraphs, the interphase transformer 
exciting current is assumed to be negligible. 


6-PHasp Dousie-Y Crrcuir 


In the 6-phase double-Y rectifier circuit 
shown on Figure 18, the rectifier transformer 
d-c winding is connected in two individual 
3-phase groups, or wyes, with their neutral 
points interconnected by an interphase 
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transformer, the phase-to-neutral voltages 
of one group (as 1-3-5) being displaced 
collectively by 60 degrees from the voltages 
of the other (as 24-6). Also see Principles 
of Operation, in reference 7. Thus, the 
respective voltages-to-neutral of the two 
3-phase units present, in effect, a syn- 
chronous aggregation of six voltages-to- 
neutral spaced 60 degrees apart in time 
phase, with a consequent g of 6, while p 
is 8 over most of the operating range, as 
indicated in Table VI. 

The action of the interphase transformer 
is such that each Y and the three rectifying 
elements connected to it constitute a com, 
mutating group (hence p=8, for this 
connection) which carries a direct current 
I;. The two commutating groups operate 
in parallel, and each carries substantially 
one-half of the total direct current Jg. 

The direct voltage of the rectifier eg is 
shown by the heavy trace in the lower 
part of Figure 18 and is the average of the 
direct voltages of the two commutating 
groups éq, and ew. The difference between 
the voltage waves of the two commutating 
groups is shown by the shaded areas. This 
voltage appears across the interphase 
transformer itself, and it is an alternating 
voltage having a fundamental frequency 
three times that of the phase voltages. 


Except at no load and at very light load 
currents the rectifier behaves as if Ea) were 
1.17 Es, that is, a value which corresponds, 
to the use of p=3. This is the value of 
Eao Which would be used, over most of the 
operating range, in computing harmonic. 
magnitudes by the methods outlined in 
other literature.‘ At no load or at very- 
light load currents, the interphase trans- 
former is not fully effective and the corre- 
sponding Ea =1.35 Es (as if p were 6), but 
above this relatively narrow lower range of 
load currents the equivalent Ea is 1.17 
Ey, as indicated in Table VI and as just 
shown. (See reference 39, page 139.) 


DELTA 12-PHASE QUADRUPLE ZIGZAG 
Crrcuir 


By analogy with the immediately pre- 
ceding paragraphs, it can be seen that 
with the 12-phase quadruple zigzag con- 
nection having interphase transformers, 
illustrated in Figure 1(C), the d-c windings 
are connected into four individual 3-phase- 
groups, with their neutral points inter- 
connected by the interphase transformers. 
The connections are such that the time 
phase angles of the phase-to-neutral voltages 
of each such 3-phase group are collectively 
displaced with respect to those of the other 
three individual groups in such a manner 
that the four 3-phase units present, in effect, . 
a synchronous aggregation of 12 voltages- 
to-neutral spaced 80 degrees apart in time 
phase, with a consequent g of 12, while 
p=8 over most of the operating range. 


The action of the interphase transformers. 
is such that each Y (3-phase winding group) 
and the three rectifying elements connected 
to it constitute a commutating group (hence 
p=8 for this connection) which carries 
a direct current J;. The four commutating 
groups operate in parallel on the output 
side, dividing the load substantially equally 
between them, and thus each group carries. 
one-quarter of the total direct current 
Ia, that is, T,=Ia/4.. 
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At no load or at very light loads, the 
interphase transformers are not,’ fully 
effective, as in the 6-phase double-Y 
connection mentioned previously, and the 
corresponding Ea =1.40 Es. Above this 
relatively narrow extreme lower range, 
however, the equivalent Ego is 1.17 Es. 
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In computing certain relations concerned 
with rectifiers, and in showing “these: 
relations graphically, the employment of 
the so-called reactance factor? is often 
useful, as will be noted from other literature. 

For example, as indicated previously in 
this Appendix, commutation or load current 
transfer requires a definite time, or com- 
mutating angle uw, an electrical angle which 
depends upon the commutating reactance 
and the commutating voltage. This angle 
increases with increasing commutating 
reactance X, or increasing commutated 
current J, and decreases with increasing 
commutating voltage (which is proportional 
to Es), all three of these quantities being 
expressed with reference to the output side. 
In other words the angle of overlap without 
phase control, an electrical angle which is 
indicated by « on Figure 16(B) and in 
the left-hand side of Figure 18, is dependent 
upon the reactance factor, ]-X,/Es. On the 
other hand with an amount of phase control 
corresponding to an angle of retard of 
a degrees, the angle of overlap (indicated 
by we on Figure 17(B) and in the right-hand 
side of Figure 18), is dependent not only 
upon /,X,/E, but upon the angle @ as well. 

As mentioned before, for rectifier trans- 
former connections using balanced 3-phase 
supply, but not employing interphase 
transtormers, J; is generally the same as the 
total rms load output current J¢. However, 
where interphase transformers are present ~— 
in the rectifier circuit, the current J, 
actually commutated in any one group of 
windings can be one-half, or one-quarter, 
and so on, of the total rms load current, 
depending upon the type of rectifier trans- 
former connection concerned. This is illus- 
trated for certain rectifier circuits in Table | 
VI and also by pages 176-186 of reference — 
39. 
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plant helped but not ade- 
operated (no filter) 


quately 
Telephone circuit noise problem 


extensive changes in telephone 


began operation. 


taps). 


noise 
..Filter was retuned when supply frequency changed to 60 cycles 


. Filter was applied to rectifier...... 


. Numerous 
-No filter initially. 


at 


mile plus 0 
Railway com- 


surface d-c feeders 


feet. 


. Aerial cable—i/3 mile at 120/140 


tial exposure of telephone 


cables to 


Exposure Conditions 


in both open wire and cable, 
with several exposures 0.5 to 
0.7 mile long at separations of 


50/60 
pany’s own telephone circuits 


were exposed also 


d-c feeders radiating from some 


and some open wire) to aerial 
underground d-c feeders 


cables (500 to 1,000 feet, 
25-foot separation) 


mile of joint use 


and trolleys 


ft 


Aerial cable—i/2 mile at 180 ft 


.Local telephone circuits exposed. . 


. Rather extensive exposures (cable. . 


. Aerial cable—O 
..-Moderate exposure of telephone. . 


“Re. 


At Phase 
Control 
Angie of 
Delay of 
15 
30° 
45° 
marks 
Large (see 
“Re- 
marks”’) 


See 


. . Various 
.. Various 


00 
500. 


Output Ware Shape 


(Per Cent or 

Amperes) 
. Salta 25400... 5 oct ccec es 

5 

000 to 3.000 
3,500 
000 
000 
500 


At D-C Load of 
-3,000 to 2,400......---.---- 


4.3 
tet 


1/2 to full load 
800 i 
1,000 


.42 to 35... 


D0 
-.1. 000 to 2 


9to 13... 
-25 te 
5 
55 
.50 to 45...1/2 
50 
37 


S.- 


12 


Voltage TF 


(“1935" Weighting) 


Unfiltered Filtered 
0 


Theoretical 6th, 12th, 18th, and 
24th Harmonic Voltages 


SB to 
170 to 120... 


.-170 to 260... 
fi 
f 
180 
210 to 


‘00 

220 
.265 to 240.. 

145 


' 

When the circuit constants, the voltage 
applied to the rectifier, the load current, 
the type of rectifier circuit, and the desired 
output voltage with phase control (if used) 
are known, the angle of retard a and the 
angle of overlap wq@ or u can be estimated 
by means of the information and equations 
given in other literature. Corresponding 
information which applies specifically to 
the particular rectifier circuits shown in — 
Figures 1 and 15 is included in Table VI, — 
see also Figure 24. 4 
Using values of « and @ thus derived, — 
the harmonic voltages can be estimated by _ 
information contained in other literature.43* _ 
Where it is desired to express such per-_ 
centage values of rms harmonic voltage 
: with reference to the d-c voltage und 
rm load Ea, rather than with respect to” 


corresponding no load voltage Ew wi out 
ence 


Summary of Studies Made of Some “600-Volt’’ D-C Traction Rectifier Installations with Phase Control 


Approx. 
Total Equiv. 
Inductance, 
Miliihenrys 

(max. 0.3) 


-5to9.15.. 
0.2to 0.25... 


0.4 to 0.2... 
0.3 to 0.45 
0.15 to 0.3... 
1.9 to 0.6 


Table Vill. 
va ap 
2 


D-C System 
in 


Trpe of D-c 
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rect railway (in-- 
trolleys. ..0- 

and el lines 
and 

lines (same city 

as 18 and 19) 

large city 


uriace 


. -Street railway in...1- 
. Street railway..... 


eee 
_. Trolleys 


Size of 
Each Unit 
Gn Ew) and 


2 
3 

3,13 
3 


Number of 
Phases 
.-- 3 000-12... 
125-4 
125-4 
2.000-12 


-.1,000-6 .. 


(With supply at 30 
cycles) 


1 
BS oe 
i 
1 


Nem- 
ber of 


Case Units 


changed to 60 cycles 


retard, the values det ermined w 


% 2 8 a 


Same after frequency of a-c supply was.. 


22 
Comal 
° 
ty 
Ss 
rel 
re) 
ss 
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a 
2a 
=. 
ze 
QQ. 
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Table IX 


ce ee 


Number 2 eee Be ea Recuers: 2 ve Lae sk 

of Number of Per Size Approx. 

Section Tracks Substations Substation in Kw Phases Spacing 
(a) Poets moon cea sin v4.8) Series otrertn Fi et tele a KOU rie araserviGhns ra: Zi aetna diate a sels 1/2 mile 
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TRIE ECR: sie 6 0's 's Ge ise tera,eropreastrss Ro Paes shat nigra vise a entemtarr OU tin nit wy ecw Gite tare OOO inte 
\\ 


ratio Eyo/EHa as obtained, for example, 
with the aid of Figure 28. 

The theoretical 6th, 12th, 18th, and 24th 
harmonic voltages thus computed, and 
plotted with respect to the reactance factor, 
with various degrees of phase control and 
over a load range, for several types of 
rectifiers, are shown in the publication 
listed as reference 4. They, together with 
certain additional curves corresponding to a 
voltage control ratio of 0.85 (that is, for 
RV=0.85), are given on Figures 19, 20, 
21, and 22, for the convenience of the reader. 
The harmonic percentage magnitudes shown 
on these four figures are general rather 
than applying solely to rectifiers having a 
60-cycle a-c supply. The significance of the 
symbol RV, as used on the figures just 
mentioned, together with the approximate 
values of the angle of retard corresponding 
to the several degrees of phase control thus 
indicated, are shown in Items 1 and 2, 
respectively, of Table IV. 


Curves of Regulation, Angle of 
Overlap and Angle of Retard 


On Figure 23, the d-c output voltage 
expressed as a percentage of the equivalent 
no load voltage with no retard (that is, with 
no phase control) is plotted as a function 
of 1,X;/Es (for p=3) for various different 
values of voltage control ratio RV. Over 
the range shown, these regulation curves 
are substantially straight lines. Figure 24 
shows the angle of overlap (u or “e) and 
the angle of retard a (for the phase-con- 
trolled case) as tunctions of J;X,/Fs for 
various different values of RV. 

On Figures 23 and 24, the angles « and 
a and so on are, for convenience, plotted 
with reference to various values of [,X¢/Es. 
It should be understood, however, that the 
term J,X,/f; does not of itself alone 
determine these angles and the various 
harmonic magnitudes but that the term 
(V2 sin 180°/p) must be included in the 
denominator of that quantity when com- 
puting the theoretical magnitudes of wu, 
Uq and of the harmonics, for any specific 
rectifier connection. Tor this basic reason, 
and in order to make the curves of Figures 
23 and 24 applicable to a wider variety of 
connections than those for which p=3, a 
seale is given on the upper part of each of 
these figures showing values of J,X¢/Hs 
for p=6. In the absence of the simpler 
process mentioned just below, it would be 
necessary to use this upper scale for a 
rectifier transformer connection as, for 
example, a delta 6-phase star, to which this 

lue of p applies. 

owever, an equivalent but more prac- 
al procedure, in the case of a rectifier 
transformer connection where p=6, is to 


multiply the actual value of I,X./Es for 


1951, Vo_tume 70 


that specific connection by 1.73 and then 
to enter directly the (lower) scale of abscissa 
for p=8, Figures 28 and 24, with this 
adjusted value. 

Another simplification in the use of these 
figures results from the fact that, for each 
specific type of rectifier transformer con- 
nection, there is a direct relation between 
the total per cent commutating reactance 
%Xen and the quantity I,X./Es. This 
relation is shown in Table VI, for the several 
common types of rectifiers specifically 
treated in this report, thus making it possible 
to determine the value of [-X¢/E, directly 
from the %X¢p, in specific cases involving 
these particular types of rectifiers, without 
having to compute X¢, J, or Hy separately. 
This does not obviate the process of further 
multiplying the actual value of J;.X./Es 
by 1.78 where it is desired to enter the lower 
scale of Figure 23 or 24 directly, in cases 
where p=6, referred to in the preceding 
paragraph, 


Appendix Ill. Examples of 
Types of Situations Studied 


General—Tables VII and VIII 


A few of the 600-volt d-c traction rectifier 
installations where the output side has been 
studied are summarized in Table VII. 
Similar information for several such in- 
stallations known to be equipped tor phase 
control is given in Table VIII. These 
tables are concerned primarily with rectifiers 
whose outputs supply d-c overhead trolley- 
feeder systems having rail return. 

The numerical data do not constitute 
any sort of specification and the order in 
which the respective items are listed has no 
significant bearing upon their relative 
importance. The illustrative material in 
these two tables concerns only some of the 
rectifier installations which, in various ways, 
have come to the attention of the several 
national headquarters organizations which 
have participated in the preparation of this 
report. Hehee the data should not be 
considered as fully statistical in nature. 

All of the values of voltage TIF given in 
Tables VII and VIII are expressed in terms 
of the “1935” TIF weightings shown in the 
1946 report and have been derived from the 
test results of specific harmonic analyses, 


Discussion of Items 1-22 


Where the information with a given item 
indicates that a d-c filter was installed, the 
filter was of the general type illustrated by 
Figure 2, except that for Item 21 the filter 
consisted of two tuned series reactors plus 
a fairly large shunt capacitor on the load 
side thereof. 
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For all items except 2, 16, and 17 the 
frequency of the a-c power supply system 
was 60 cycles (with the further exception of 
the original operating frequency noted 
under Item 21). Item 2 had a supply 
frequency of 40 cycles, while for Items 16 
and 17 the frequency was 25 cycles. 

Item 1 concerns one of the earlier rectifier 
installations. It required considerable basic 
study as to remedial measures and so forth. 
Detailed wave shape data on it are not now 
available. Several rectifier substations hav- 
ing a total rating of about 14,000 kw were 
subsequently installed on the same street 
railway system and, on the basis of the 
technical and operating experience with 
Item 1, a d-c filter was included in each of 
these later installations. Item 2 also was 
an early installation and it is possible that 
a series reactor was included in the output 
when the rectifier was installed. 

Items 3, 4, 6-10, and 12 have been chosen 
to cover, in part, a range of d-c system 
equivalent inductances Ln but it also must 
be remembered that with zero phase control 
the output I-T product generally increases 
with increased direct load current. 

Items 11 and 12 are illustrative of the 
fact that the specific exposure conditions, 
namely, conditions external to the rectifier 
itself, have an important bearing upon the 
respective inductive co-ordination problems 
presented by different individual rectifier 
installations. In these two items, the 
rectifiers, which are connected to the same 
d-e system, did not have identical kilowatt 
ratings but this particular difference had of 
itself no large bearing on their respective 
noise coordination problems. 

Although noise resulting from inductive 
effects experienced in direct exposures of 
aerial communication plant to overhead 
d-c trolley-feeder systems was of primary 
importance in many of the situations 
covered by Items 1 to 12, inclusive, it will 
be seen that in Items 1, 10, and 12 harmonic 
currents were found to exist in underground 
cable sheaths (accompanied by more or 
less noise). In certain instances, not listed 
in the tables, noise arising from conductive 
effects has been experienced in the general 
vicinity of rectifiers supplying d-c traction 
systems having ground-rail return. 

Items 13, 14, and 15 illustrate instances 
where the noise experienced on the traction, 
companies’ own communication circuits 
rather than on commercial telephone cir- 
cuits, was of primary importance under the 
unfiltered condition of the rectifiers. 

The items shown in Table VIII are 
indicative of the greater output wave 
distortion which can occur with rectifiers 
having phase control, as contrasted with 
those which are not so equipped. The 
magnitudes of the voltage TIF’s in Items 
10, 11, and 12 of Table VII suggest the 
possibility that the latter rectifiers, too, 
were phase controlled. On the other 
hand the relatively low impedance of these 
three d-c systems could also, of itself, have 
had an important bearing upon the magni- 
tudes of the I+ T products. 

In addition to the situations covered by 
Items 1-22, it is of interest to note that 
undesirable noise conditions were en- 
countered comparatively recently in a 
situation involving a rectifier installa- 
tion supplying a trolley-coach d-c system 
where capacitance-type lightning arresters 
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were used on the positive d-c feeders, In 
that particular instance, the noise difficulty 
was remedied by the installation of a suit- 
able protective gap in series with each 
arrester, thus removing the effective ca- 
pacitance of the latter from the d-c system 
during normal operation, 


Subway Systems 


To date, no important noise induction 
has been experienced from the output 
ends of rectifiers which supply power to the 
600-volt d-c traction circuits associated with 
extensive sections of subway transportation 
systems of the types existing in several 
large-cities. Examples of these are given 


in Table IX. 
There were no positive or negative 
feeders between substations in Items a, 


b, and ec of Table IX. The propulsion 
circuit for each track consisted of a third 
rail and one of the running rails, 

In Item a, as in Item b, there was an 
extensive telephone plant in underground 
cable, in the streets above the subway, 
along the entire route, In Item e¢ there 
were from one to several such exposed 
underground cables along the various parts 
of the subway route, It seems evident that 
in these three installations the harmonics 
from the output of the rectifiers were 
confined largely to the rails themselves 
and that, in addition, there was an unkoown 
amount ot shielding due to various cable 
sheaths, water and gas pipes, metallic 
constituent parts of the subway structure 
itself, and so torth, 


Above-Ground Third-Rail 
Traction Systems 


A number of steam railroads which have 
electrified considerable parts of — their 
trackage at about 600 volts, direct current, 
have employed the third-rail system ond 
in several such instances have used recti- 
fiers, aggregating many thousands of 
kilowatts, as at least a part of their source 
of d-c supply, While no important noise 
problems directly ascribable to inductive 
effects from the d-c end have been reported, 
there have been a few instances where excess 
noise attributable to conductive effects 
in the generally immediate vicinity of points 
of direct grounding of one side of the d-e 
system (as might be done, for example, 
at the individual rectifier stations) has been 
experienced, 

However, severe noise induction problems 
have been encountered on the a-c side ot a 
number of the rectifiers associated with 
several of these railroad electrifications. 
In one such instance, involving something 
over 100,000 kw of installed rectifier ca- 
pacity, the problem on the a-c side involves 
an extensive area and is still under co 
operative study, 
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Sealysis of a 3-Phase Inverter with 
Resistive Load 


ROBERT E. TURKINGTON 


NONMEMBER AIEE 


Synopsis: Commutation in thyratron or 
ignitron inverters can be effected with the 
aid of capacitors connected across the output 
terminals of the inverter. Since these in- 
verters require no transformers for commu- 
tation or coupling, they may be operated 
over a wide range of frequencies extending 
down to zero. 

In this paper a simplified analysis is made 
of a 3-phase capacitor-commutated inverter 
with a resistive load when the inverter is 
operating with constant input current. 
Calculated waveforms of the inverter ob- 
tained from this analysis are presented for 
various values of load resistance. Experi- 
mental waveforms are included to evaluate 
the effect of ripple in the input current. 


LTHOUGH gas-tube inverters have 

had only moderate use in the past, 
they have potentialities of far wider 
applications in many fields. Possible 
applications include (1) use of inverters 
at the receiving end of a d-c transmission 
line,’ (2) use of inverters to supply power 
to induction and synchronous motors*’ 
and (3) use of inverters in electric 
railway systems to allow power to flow 
from the d-c system to the a-c supply.‘ 
The polyphase inverter circuits described 
and analyzed in technical publications? 
were primarily designed for operation at a 
fixed frequency or over a limited frequency 
range. In these circuits transformers 
have been used frequently as coupling be- 
tween the inverter and the a-c line, as 
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interphase transformers, and as elements 
in commutation circuits. The use of 
transformers prevents these inverters 
from being operated at very low fre- 
quencies, that is, between zero and ten 
cycles per second, If operation of poly- 
phase inverters can be extended down to 
zero frequency, inverters may be able to 
supply variable-frequency power to poly- 
phase induction and synchronous motors, 
thereby providing continuously variable 
speed from zero to full speed in either 
direction. An inverter circuit capable of 
this type of operation is the 3-phase 
bridge-type inverter which is commutated 
by capacitors connected across the output 
terminals of the inverter. 

It is the purpose of this paper (1) to 
describe the operation of the 3-phase 
capacitor-commutated bridge-type inver- 
ter, (2) to present a method of calculating 
the voltage wave-forms of the inverter 
with resistive load, and (3) to compare 
calculated and experimental waveforms 
for various load conditions. Also given 
are a normalized curve of deionization 
time as a function of load impedance as 
obtained from calculated output-voltage 
waveforms, and experimentally deter- 
mined curves of inverter input and out- 
put voltages and output current plotted 
as functions of the load impedance. 


Operation of the Inverter 


When thyratron or ignitron tubes are 
used in a grid-controlled rectifier or in an 
inverter, conduction in the tubes is 
initiated when the grid potential is made 
positive with respect to the cathode. 
The grid potential is then made negative 
at or before the end of the tube conducting 
period. However, the grids alone are 
ineffective in terminating conduction, 
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and the tubes must be deionized by fore- 
ing the anode-to-cathode voltage of the 
tube negative. In a polyphase rectifier 
where the anode potentials are deter- 
mined by the transformer secondary volt- 
ages and the cathodes are commonly con- 
nected, the start of conduction in an in- 
coming tube raises the cathode potential 
of all the tubes. Since the anode poten- 
tial of the outgoing tube is being de- 
creased by the transformer secondary, the 
anode-to-cathode voltage of the outgoing 
tube is made negative and the tube is 
extinguished. This process of transfer- 
ring conduction from one tube to another 
commutation, Phase 
inverters when 


is called phase 
commutation occurs in 
the a-c voltages are determined by the 
load, as when an inverter is operating into 
an a-c power system. If the inverter 
load is not capable of determining the out- 
put voltages, phase commutation is not 
possible. However, the inverter may be 
commutated by capacitors connected 
across the output terminals of the inverter, 
These capacitors act to reverse the anode- 
to-cathode voltage of the tubes at the 
proper times, assisting in the transfer of 
conduction from tube to tube. 

The parallel-capacitor method of com- 
mutation in a 3-phase full-wave bridge- 
type inverter can be observed by following 
one cycle of inverter operation. Con- 
sider the inverter shown in Figure 1, 
Assume that the tubes are fired in the 
order 1, 6, 3, 2, 5, 4 and that tubes 5 and 
4 are conducting. A conducting path 
exists through the input inductance L, 
tube 5, the load network, and tube 4. 
(The term ‘load network’”’ is used to 
designate the load resistors and the com- 
mutating capacitors. The term “load” 
is used to designate only the load resis- 
tors.) The capacitors are charged with 
the polarities indicated in Figure 1(A), 
and if a steady state has been reached for 
this conduction period, the three output 
voltages neglecting the tube drops and 
the resistance of the input inductor are 
Vab = “Ey Ue = — Hy, Voa =3h (1) 
where /, is the value of the direct voltage 
source of the inverter. The potential of 
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FIRING ORDER 
163254 


~ INPUT VOLTAGE BUS 


(B) 


the input bus with respect to ground is 1, 
and the voltage across tube one is (1/2) /,. 
(It is assumed that a steady state is 
reached after each switching operation in 
order that the 
easily specified in terms of /,. 


various voltages can be 
During 
normal operation of the inverter, a steady 
state is usually not reached.) 

Node 
b is held at ground potential, and since 
the the 
change instantaneously, the potential of 


Assume that tube one now fires. 


charges on capacitors cannot 


Figure 1 (left). 

Three-phase _in- 

verter with resis- 
tive load 


NORMALIZED TUBE VOLTAGES 


Ww 
g 
a 
> 
Figure 3 (right). 5 
(A) Normalized = 
anode - to - cath- 4 
ode voltage 2 
waveforms of Fa 
tubes 1 and 3 for Fe 
rf=0.030. (B) 


Normalized 

waveform of the 

input voltage for 
rf =0.030 


node a to the input voltage bus, and the 
potential of the bus is immediately 
dropped by (1/2), volts to the potential 
of node a. ‘The anode of tube five is also 
dropped by this amount, forcing it 
(1/2), volts below the cathode, If the 
anode potential remains below that of 
the cathode until deionization takes place 
in the tube, tube five ceases to conduct. 
A new conduction path now is established 
through tubes one and four. 

If a steady state is reached for this 
conduction period, the voltages between 
the nodes are 


each node relative to ground remains 

fixed. The ignition of tube one connects 
1.0 
0.8 

Blu 0.6 = 
04 


0.2 


NORMALIZED OUTPUT VOLTAGE - 


Resear 
Y 
a 


“1/6 te} 1/6 1/3 


ne 
Bae 


72 
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Figure 2. Normalized output-voltage waveforms (va»/E) for various values of the load-network 
time constant (rf) 
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vi 
cE 


(e) Ear 2/3 \ 
NORMALIZED TIME - tf 
(A) 


ve 


(0) 1/6 1/3 1/2 
NORMALIZED TIME ~ +f 
(B) 


a 1 1 
Vay = Es, Voc = Ge Vca = =i 


(2) 


Since tube four is conducting, node 0b is 
still at ground potential, and the poten- 
tial of node ¢ is (1/2)#,. Node ¢ is im- 
mediately dropped to ground potential 
when tube six fires, causing the other two 
nodes and the input bus to drop by a 
potential of (1/2)H,. As a result node b 
and the anode of tube four are forced 
(1/2)#, volts below its cathode, and tube 
4 ceases to conduct if the tube deionizes. 
Current now flows through tubes 1 and 6, 
and if a steady state is again reached, the 
output voltages are 

thes ed 
Yab =o be Ube =e Yeu = — Ey (3) 

This process may be continued until 
tubes 5 and 4 are again conducting, at 
which time one cycle of operation will 
have been completed. 

The following observations can be 
made from the foregoing description: 


1. The function of the input inductance L 
is to isolate the input voltage bus from the 
voltage source, thus allowing the bus voltage 
to fluctuate. 


2. The capacitors are used to extinguish 
the thyratrons by reversing the anode-to- 
cathode voltage of the tubes. The capaci- 
tors must be large enough to maintain the 
anode-to-cathode voltage negative until the 
tubes can deionize. om” 


3. Each tube conducts for one-third of a — 
cycle. There are always two tubes con 
ducting simultaneously except during com- 
mutation when three tubes conduct. Com- 
mutation takes place every one-sixth of a 
cycle, hc a 


ATEE TRANSACTIONS 
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oS 


4 


aE te 


Co 
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Nomenclature 


_ C=value of delta-connected commutating 


capacitors 
D=constant are drop of the tubes 
E=2IR=maximum steady-state 
voltage 
Es = voltage source of the inverter 
T=value of constant input current 
I-=calibrated current in oscillograms 
I,=r1ms value of output current 
L\=value of input inductance 
R=value of the y-connected load resis- 
tors 
V,=calibrated voltage in oscillograms 
V;i=average value of input voltage 
Vm=peak value of the output voltage 
Vo =rms value of output voltage 
a, b, c=nodes of load network 
€=naperian base 


output 


f=frequency of grid excitation 

Za, 1p, lc = Source current flowing into nodes a, 
b, and c, respectively 

1;=input current 

t=time 

tqa=inverter deionization time 

Vad, Voc, Vea= Output voltages of the inverter 

Vad’, Voc’, Vea’ = Output voltages of the inverter 
when 1p is zero 

Vad", Yoc", Vea” =Output voltages of the in- 
verter when ig is zero 

01, 2 =anode-to-cathode voltages of tubes 
one and two, respectively 

vj= input voltage to inverter (source voltage 
minus the input-inductance drop) 

x=1/(67f)=normalized reciprocal time 
constant 

7 =3RC=load-network time constant 


Calculated Performance 


INVERTER WAVEFORMS 


Determination of the waveforms of the 
inverter shown in Figure 1 consists of the 
analysis of a 4-loop network with three 
independent initial conditions. In order 
to evaluate the initial conditions, one- 
half cycle of operation, including four 
commutation periods, must be considered. 
The analysis can be greatly simplified by 
assuming the input inductance to be 
infinite. The infinite inductance forces 
the input current 7; to be constant at 
some value J. This constant input cur- 
rent permits a simplified analysis to be 
made which was used to calculate various 
waveforms of the inverter. The analysis 
is presented in Appendix I. 

On the basis of an infinite input induct- 
ance, waveforms of the output voltage, 
two tube voltages, and the input voltage 
were calculated. Figure 2 shows wave- 
forms of the output voltage of one phase 
for various values of the load-network 
time constant. The time reference t=0 
was chosen as the instant tube one fires. 
These curves, as well as those shown in 
Figure 3, are in a dimensionless form: the 
time scale (¢) and the load-network time 
constant (r=3RC) have been normalized 
with respect to the grid-excitation fre- 
quency (f), and the voltages have been 
normalized with respect to H=2/R, the 
maximum output voltage that would 
appear if a steady state were attained be- 
tween successive commutations. The 
waveforms of Figure 2 are similar to those 
calculated by C. F. Wagner for a single- 
phase inverter.’ 

The following observations can be 
made from these curves: If a steady state 
were reached after each commutation, 


the steady-state voltage would have one 
_ of four values, +(1/2)# or +£, depend- 


ing upon which tubes were conducting. 
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A steady voltage is reached after each 
switching operation only for the curve 
Tf=0.006. If zf were decreased from 
this value, the capacitor charging time 
would decrease with respect to the period 


of the grid excitation, and the voltage 


would reach its final values more quickly. 
For the limiting case of rf =0, the capaci- 
tors would charge in zero time, and the 
waveform would consist of a series of 
straight lines. As 7zf increases from the 
value 0.006, the capacitors do not have 
sufficient time to become fully charged, 
and the steady-state voltage is not reached. 
As a result the peak value of the voltage 
waves decreases. 

In addition to the peak value of the 
waves changing as 7f varies, the phase also 
changes. The zero-voltage point for the 
limiting case of tf=0 would be located at 


tf=—1/6. The zero-voltage point of the 
curve corresponding to 7f=0.60, the 
largest value considered in Figure 2, 
occurs at approximately tf=1/12. This 
represents a phase shift of about 90 de- 
grees with respect to the previously men- 
tioned limiting case. 


Figure 3(A) shows the waveforms of 
the anode-to-cathode voltage of tubes 1 
and 3 for 7f=0.030. The peak forward 
and inverse voltages appearing across the 
tubes are 0.902 and 0.574, respectively. 
A comparison of Figures 2 and 3(A) shows 
that the maximum value of peak forward 
voltage for varying values of 7f is E and 
occurs when 7f<0.015; the maximum 
value of peak inverse voltage is about 
0.57E and occurs when tf ~0.030. 


Since tubes 3 and 5 are fired one-third 
and two-thirds of a cycle, respectively, 
after tube 1, the anode-to-cathode volt- 
age waveforms of tubes 3 and 5 are the 
same as that for tube 1 but are delayed 
in time by one-third and two-thirds of a 
period, respectively. A similar relation 
holds for the voltage waveforms of the 
even numbered tubes. 


The voltages across tubes 1 and 2 were 
added in order to determine the input 
voltage, v;, shown in Figure 3(B). (The 
constant arc drop of the tubes and the 
resistance of the input inductor were neg~ 
lected.) The wave which repeats every 
one-sixth of a cycle is identical in shape 
and magnitude to the output-voltage 
wave during the interval 0<#f<1/6. 
The average value of the input voltage is 
0.695 E and is equal to the value of the 
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NORMALIZED DEIONIZATION TIME — tgf 


0.05 0.1 
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Figure 4. Normalized curve of inverter deionization time (taf) as a function of the load-network 
time constant (zf) 
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Figure 5,  Experi- 


mental output-volt- 
age waveforms for 


various values of rf 


(A) rf 
Vo= 1.056 (C) of 


0,006, Ver 1,001 (B) rf 0,015 
0.030, V.= 1,06 
(D) rf=0.060, Ves O.530E, (CE) rf=0.150, 
Vi = 0.2771 (F) rf0,300, Vp=0,111E, 


(G) rf 0,600, Vee 0,105 


direct-vollage source /*,y, 

If the average value of the input volt 
age is subtracted from the input-voltage 
waveform, the induced voltage of the 
inductor can be obtained 


DRIONIZATION TIME 


When conduction is transferred from 
one tube to another, the outgoing tube 
will be extinguished if the commutating 
capacitors can hold the anode-to-cathode 
voltage negative until the tube deionizes, 
The length of time during which the tube 
voltage is negative is frequently called 
the deionization time of the inverter, 
This inverter deionization time must be 
greater than the tube deionization time if 
commutation is to take place, 

The inverter deionization time for 
various values of the load-network time 
constant ean be obtained from the caleu 
It can 
be seen from Figures 2 and 8(A) that the 
waveform of the anode-to-cathode voltage 


lated output-voltage waveforms, 
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of tube | during the interval 1/8 </f<2/3 
is identical to the output-voltage wave 
form for rf 0.080 during the interval 

1/6<tf<1/6. Consequently, the dis 
tance in Figure 2 from tfe 1/6 to the 
point where the output voltage first be 
comes zero is equal to the time the tube 
voltage is negative, the deionization time 
of the inverter, (The deionization time 
is immediately obvious from the anode 
waveforms, ‘The 
possibility of determining the time from 


to-cathode — voltage 


waveforms 
eliminates the need of plotting a set of 


the set of output-voltage 
tube-voltage waveforms for various values 
of load.) <A curve of the 
deionization time (ff) as a funetion of 


normalized 
the normalized load-network time con 
stant (rf) is shown in Figure 4, 


Experimental Performance 


INVERTER WAVEFORMS 


The analysis involving an infinite 
inductance can be applied to a phase 
bridge-type inverter if the ripple in the 
input current is small, In order to deter 
mine the amount and effect of the ripple 
present with a finite inductance and to 
evaluate the assumptions involved in the 
analysis, waveforms of an experimental 
inverter operating with an input induet 
ance of about 10 henrys were obtained, 
Figure 5 shows oscillograms of the out 
pul voltage vy» for various values of rf, 
while Figure 6 shows oscillograms of the 
anode-to-eathode voltage of tube 1, the 
input voltage, and the input current, 
ach oseillogram includes a calibrated 
voltage (Vy) or current (/,), the value of 
which is expressed as a fraction of 2 or J, 
Only one-half eyele of the input-voltage 


waveform is shown, It 


may be noted 


that in several illustrations the wave 
forms do not exactly repeat each one 
sixth of a cycle, The cause of this 
irregularity was inexact timing of the grid 
voltages, which permitted some tubes to 
conduct for more than one-third of a 


eyele and others, for less than one-third 


Table i, Comparison of Peak Values of the 
Calculated and Experimental Waveforms of 


Vab 
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Figure 6. Experi- 
mental waveforms for 
rf =0,030 


(A) Anode-to-cathode voltage waveform for 

tube 1, Voom +E, Vox —(1/2)E. CB) In» 

put-voltage waveform, Vee (1/Q2)E. (C) In- 
put current waveform, |, =/ 


of a cycle, All of these waveforms were 
obtained with the inverter operating at a 
frequeney of 10 eycles per second, 

A comparison between the experimental 
and ealeulated waveforms for 
corresponding conditions indicates vir- 
The peak 
values (V,,) of the calculated and experi- 
mental output-voltage waveforms for 
various values of rf are given in Table I, 
The caleulated and experimental values of 
V,,// agree within 5.6 per cent for all 
values of rf except the fourth, rf= 0,060, 

These comparisons indicate that the 
input-current ripple is small with an input 
inductance of LO henrys and has prae- 
tically no effeet upon the voltage wave- 


voltage 


tually identical waveshapes, 


forms of the inverter, 


AVERAGE AND RMS VALUBS OF VOLTAGE 
AND CURRENT 


The relations between the average 
values of the input voltage and current 
and the rms values of the output voltages 
and currents for various load conditions 
cannot be expressed as simply as the 
corresponding rectifier 
waveforms are none 
These relations can be ex- 


relations for a 
since the various 
sinusoidal, 
pressed very conveniently in the form of 
dimensionless either 
Analytic 
curves for an inverter with an infinite input 
inductance could be obtained by integrat- 


obtained 
analytically or experimentally, 


CUPVeS, 


ing the expressions for the input and out- 
put voltages given in Appendix I, lx- 
perimental curves could be obtained by 
actual measurements on an experimental 
inverter, 

Figure 7 shows normalized curves of 
the average input voltage (V’;) and the 
rms line-to-line output voltage (V7) and 
line current (/,) as functions of the nor- 
inalized load-network time constant (rf). 


ATER TRANSACTIONS 


The voltage curves have been normalized 
with respect to H=2/R, and the current 
curve has been normalized with respect 
to J, the average value of the input cur- 
rent. The measured input voltages were 
decreased by 82 volts to provide a curve 
for zero tube drop, 


Conclusions 


At the present time the future of the 
gas-tube inverter looks bright. With 
sufficient refinement it can be used to con- 
vert substantial amounts of direct power 
into alternating power with a fixed or 
variable frequency. However, commuta- 
tion remains a major problem in these 
inyerters, Several methods of commuta- 
tion have been investigated with varying 
degrees of success, but the desired degree 
of reliability has not yet been achieved. 

A relatively simple analysis of the 3- 
phase capacitor-commutated inverter with 
resistive load can be made if the input 
current is assumed constant. That this 
analysis can be used when a small amount 
of ripple is present in the input current is 
demonstrated by the close agreement be- 
tween the experimental and the calculated 
waveforms. The same general method of 
analysis may be applied to an inverter 
with an inductive load but the process of 
determining the various initial conditions 
is more complicated. With either type 
of load, however, the analysis is valid only 
between successive commutations when 
two tubes are conducting. From the 
time an incoming tube is fired until the 
outgoing tube is extinguished, three tubes 
are conducting. The result is a negative 
voltage impulse appearing in the anode- 
to-cathode voltage of certain tubes and 
in the input voltage. These impulses 
could not be recorded in the experimental 
waveforms but could be seen on the 
oscilloscope. 

There are two principal disadvantages 
to the bridge-type capacitor-commutated 
inverter described in this paper. The fir- 
ing system and the commutation system 
must be very reliable, for the failure of a 
tube to be fired or extinguished at the 
proper time may cause two tubes in the 
same phase to conduct simultaneously 
and form a short circuit across the d-c 
source. Quick-acting protective devices 
in the d-c line must be relied upon to pro- 
tect the tubes. 

Proper operation of the inverter re- 
quires that negative reactive power be 

_ drawn from the load,° necessitating a lead- 
ing power-factor load. When a resistive 
load is placed upon a capacitor-commu- 
-tated inverter, the capacitors supply the 
required reactive power to the inverter, 
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Fi sre 7. Normalized curves of average input voltage (V:/E) and rms output voltage (V,/E) 
and current (/,/I) as functions of the load-network time constant (rf) 


There is no difficulty in obtaining leading 
power-factor loads in this case, and the 
experimental inverter operated properly 
over a frequency range extending down to 
zero for various load. When the inverter 
is supplying an inductive load, however, 
the capacitors must be large enough to 
cause the load seen by the inverter to be 
capacitively reactive. This requirement 
is difficult to fulfill when low-frequency 
operation is attempted with inductive 
loads. Brief experimentation with an 
induction motor load indicated that satis- 
factory variable-speed operation could be 
obtained for frequencies down to about 
12 cycles per second. Below this fre- 
quency commutation difficulties were 
frequently encountered caused, in part, 
by the lack of a leading power-factor load. 


Appendix |. Calculation of the 
Inverter Waveforms 


The output voltages of the inverter can be 
easily found when the input inductance is 
assumed infinite, thereby causing the input 
current to be constant. Since the inverter 
input current must be constant and the fir- 
ing order of the tubes is known, the source 
currents flowing into the load network at 
nodes a and } can be found. The output 
voltages of the inverter resulting from these 
node source currents can be found by the 
principle of superposition. 


The Output Voltages 


The inverter of Figure 1(A) is assumed to 
be operating with an infinite input induc- 
tance and a tube firing order of 1, 6, 3, 2, 5, 4. 
The infinite inductance forces the input 
current to have a constant value J at every 
instant of time, thus permitting the voltage 
source and the inductance to be replaced by 
acurrent source of value J, as in Figure 8(A). 
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Consequently, the currents flowing into 
nodes a, b, and ¢ can be determined as func- 
tions of time. For example, the source cur- 
rent flowing into node a when tube one is 
conducting is 7; when tube two is conduct- 
ing, the current is —J; and for the remain- 
der of the cycle, it is zero. The waveforms 
of these currents, zg, 7», and 7,, are shown in 
Figure 8 (B). Since these node input cur- 
rents are known functions of time, the cur- 
rent source J and the tubes may be replaced 
by two current sources, one connected from 
node ¢ to node a with a value of ig, and 
another connected from node c¢ to node b 
with a value of 7. The output voltages 
resulting from these current sources can be 
determined by the principle of superposi- 
tion. 

With node ¢ as a reference, current 7, is 
applied to the load network while 7» is zero. 
Since node } is not connected to any source 
(the impedance of a current source is infi- 
nite), the load network may be reduced to 
the simple RC parallel combinations shown 
in Figure 8(D). The voltage vac’ resulting 
from current ig acting alone consists of a 
series of exponential curves, as shown in 


Figure 9(A). Since the time constant of the 
circuit is 
r=3RC (4) 


the equations describing the voltage are as 
follows: 


1 

0<if<, dae'(t)=E+ [vac'(0)—E]e—‘/" (5) 
1 

il 1 1 —-(t—1/3f) 

3S sad =00e( 2) a (6) 


where vgc/(0) and vae'(1/3f) are unknown 
initial conditions. By symmetry, the volt- 
ages for the first and last half of the cycle 
differ only in sign: thus 


1 
tad(3<u'<1)= ~rne'(o<'<) (7) 


The initial conditions appearing in the 
preceding equations may be found by con- 
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Figure 8, (A) Equivalent elreult for the ine 
verter with on infinite input inductance, 
(B) Waveforms of the source current flowing 
into the load network at each node, (C) 
Simplified equivalent circuits, (D) Equivalent 
cireults when currentesource |, is inactive 


sidering one-half eyele of operation, They 

“are 
ay 

Ogo'(0) = = Bes (8) 
Cea 

| tt ¢ 
p ‘ 
Dai (i) Jan, b | (9) 
where 


Ke 1/Orf, 


The three node voltages expressed in 
teriis Of dae! are 


| 

Yan'(1) = giae "(t) (10A) 
| 

Oyo'(1) tao (1) ( 10K) 
2 

toa'(l) = —taa'(t) (100) 
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The output voltages of the inverter for 
one complete eyele resulting front enrrent fy 
acting alone are piven by the preceding 
equations, ‘The voltages resulting from 
current dy aeting alone ean be found ina 
similar manner, 

When dy in vero anc dy da the finetion 
shown in Migure C1), the load network re 
dices (6 the same AC combination eneoun 
tered previously, “The voltage tye” renulttig 
from 7p Has Che sane shape aa vee! but ia de 
layed in time by one-third of a eyele, as 
shown dn Tigare 004), Consequently, the 
equations for dye” may be formulated diteethy 
by making (he proper substitutions, Thus 


| | | 
yo" min Sifem )m —tye'{ OSH 1A) 
mw gw! \) tw ( ‘| \ 
| | (i | 
mae (i: a i) rae (j vs ') (118) 


When these relations are tied with equa 


tioun 6-7, one obtains 
| | 
<i <= tne" (l) = 
gsi Sg" 


| 
Chih) 


[Yar (O)— le 7 (12) 


; | uw 
Vue ane 
(i) 


where (he initial voltages are given by equa 
ious Sand Mor the rematider of the 
eyele 


we(beu ‘) ( L cited in 
AT Peal iy we 4 a) S 


by syoimetry, The two reniaining output 
voltages, Yan “and tee”, may be expressed tn 
(ormis of dyn” 


iif) 


l | 
Sif <tyy"(t) = (13) 


( a 


"” l 
Dan"(1) = =< Une "(t) (IBA) 


i 
oa" (t) = aioo(t) (182) 


The ode voltages existing when both 
current sources are wetive slimiulianeoualy 
(the output voltages of the inverter oan be 
obtained by adding (he two sets of voltages 
previously determined, 

Diiring the interval of tine Oe if 1/6, the 
OULpIL voOllape Yan da 


Dan(t) = Yan '(h) Van"(t) 
1 
oli ((1 pe *)tan'(O) = 
(14-0) len '/t 


Substituting Che expredsion for y/(O), equa 
(ion 4, into the above equation, (he final ex 
pression for vay during (he Witerval Qe (fe 1/4 
in found to be 


bebe ell ofa ell 
Vay |) ee melee 


ghey pak 


(16A) 
= Hi adm Wt 
4 9 WAN 0 


The two remaining output voltages, deter 
mined iw winter nianiner, are 


Yee 
Vyo(t) = «gt Awe Vr (161) 
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Figure 9 Current exeltation and voltage ree 
sponse of network of Figure O(D) 


| | j 
tall) = q@ | gitar 1 (160) 
where Ay, dy, and oly are given as 
AHL OM gl 
P ppt sei ata (7A) 
eas | : 
fe ww ‘ 
Ajw tegen (7) 
eof] 
ey Ai. Ow 
Ajman (170) 
a | 
and 
fe. (18) 
\ ar! 


This procedure nay be apptled to the out 
pul voltages for the remalnder of the teat 
hall period, The resulting equations are 


\ 
Nera gl! 1, dang mete 
i i £ 4 Yan(t) = lt | giAue Mi 
(19A) 
i 
(heel ff) 
v(t) -tiAw obiad (101) 
\ 
(he 1 /ify 
Healt) = = Ne slide uy (100) 
i 
| | ily ge w= (beet ff) 
3 “ <5 Wan(h) = =at | g ide % 
(20A) 
i] 
| (Uti) 
toot) Mm a HAye uy (201) 
\ 
at =| tte fap) 
Von) = = 5 Hm glide r (200) 


: 
The voltages for Che last hall pees are (he 
negative of he frat hall perior voltages: 


ne <i'< | ) a= ww(oeue) 
: “tr 


me Pate ') “ -in(o =) / 


ATW TRANS 


(ala) 


il 1 
tal 5<U< :) => =n 0<<3) (21C) 


The Tube Voltages 


The anode-to-cathode voltages of the 
tubes can be determined from the above 
solutions for the output voltages. Con- 
sider, for example, the voltages across tubes 
one and two. 

During the time 0<if<1/3, tube one is 
conducting, and the anode-to-cathode volt- 
age is 


y 


Vy =D (22A) 
where D is the arc drop of the tube. During 
the next one-third of a cycle, tube three is 
conducting, and if the arc drops of all the 
tubes are equal, the voltage across tube 1 
for this period of time is 


vw =D—vap 


The expressions for vg) during the second 
one-third of a period, equations 20A, 21A, 
and 16A, may be substituted into the pre- 
ceding expression 


1 
1 si 1 1 —=(t—1/3/) 
3<t< Y Bee BA a A (22B) 
1 
1 2 1 —-(t—1/2f) 
ga4<; me D+h— BAe Xe 
(22C) 


Similarly, the tube voltage for the remainder 
of the cycle is 


4 =D+%4 
1 
2 5 1 —-(t—2/3f) 
acts n=D+E— Ase ce 
(22D) 
1 
5 1 1 —-(t-5/6f) 
ecf<! BD Te to EAse o 
(22E) 


In a similar manner, the anode-to-cathode 


a 
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voltage of tube two can be found; it is 


1 
Ost <6 Uz =Vaon +D 
1 
1 —-(t—1/6f) 
~D+E— EAs u . 
(23A) 
1 aL 
gwt<s = —Uca+D 
1 
1 ——(t—1/6f) 
=D E> bAr i i 
(23B) 
i 
gt <5 V2= —Ucq+D 
1 
1 1 ——(t—1/8f) 
=D+—E——FAxe 7 
rs pease 
(23C) 
1 5 
fa) tg =) 
9 I< V2 (23D) 
5 
acoA} UV, =Van +D 
1 
1 1 —-(t—8/6f) 
=D GE EA a 
(23E) 


The Input Voltage 


The input voltage, v;, may be found from 
the sum of the voltages across tubes one and 
two. Performing this addition with equa- 
tions 22 and 23, the input voltage is found 
to be 


1 1 
0<#<, m= +t =2D+E— Aye '/" 
(24A) 
1 
1 1 1 —=(t—1/6f) 
-<if<— 4=2D4+E-—EAye 7 
gt <5 Vi + gf 1€ 
(24B) 


It is seen that the input voltage repeats 
every one-sixth of a period for the first one- 
third of a cycle. If the additions had been 


continued for the remainder of the cycle 
the waveform would have been the same for 
each one-sixth of a period. 

The above expressions for the output 
voltages, the tube voltages, and the input 
voltage were used in calculating the curves 
of Figures 2 and 3. Several assumptions 
were made in this analysis; the input in 
ductance was infinite, the resistance of the 
input inductor was zero, the are drops of all 
the tubes were equal, and no more than two 
tubes were ever conducting simultaneously. 
(The are drop was assumed zero for calcu- 
lating the tube voltages and the input volt- 
age.) It should be noted that the expres- 
sions derived in this appendix apply only 
between commutation times. During com- 
mutation when three tubes are conducting, 
the voltages are unspecified. During com- 
mutation the tube voltages and the input 
voltage are modified as mentioned in the 
conclusions. The output-voltage wave- 
forms are not affected. 
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~ Commutating Reactor Control for 
Mechanical Rectifiers 


EDWARD J. DIEBOLD 


ASSOCIATE AIEE 


HE MECHANICAL 
synchronous switching device, mak. 


rectifier is a 


ing a metallic connection between an a-c 
network and a d-c network, Solid silver 
contacts, maintained closed by powerful 
springs, and opened by means of ceramic 
push rods, perform the switching. 

Closed contacts have a resistance of a 
fraction of | milliohm, They are able 
to carry a very high current without 
damage. 

Open contacts are separated by a sub 
stantial distanee in clean, dry and non- 
ionized air at atmospheric pressure, 
They are able to withstand a high voltage 
without corona or spark-over. 

Hach contact 1s opened and closed once 
each cycle. Being a pure switch, it has 
no interrupting capacity and cannot be 
used ag a circuit breaker. It is also 
unable to withstand closing under full 
power. To use such a switch 
mechanical rectifier, without 


as a 
any pro- 
tection during the opening and closing 
periods, will immediately result in its 
destruction, 

During the past 15 years, an increasing 
number of mechanical rectifiers, using 
various protective circuits, have been in 
operation, Experience gathered with 
them is expressed in the following by 
four switching conditions. It appears 
today that these conditions are necessary 
and sufficient for obtaining a good 
mechanical rectifier, It is still necessary, 
however, to clarify and limit these rules, 
as the knowledge of the art progresses, 


Commutating Reactors 
A mechanically operated switeh with 
its unavoidable inaccuracy of timing 


cannot satisfy the switching conditions 
at all possible loads, voltages, and fre- 
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quencies. It is possible, however, to 
satisfy these conditions by the applica- 
tion of essentially nonlinear circuit ele- 
ments called commutating reactors in- 
serted in series with the switching con- 
These reactors maintain the inrush 
current after closing and the residual cur- 
rent before opening at a very low value 
and permit the free flow of current 
through the contact at any other time of 
the cycle. 

Commutating reactors used in mechan- 
ical rectifiers have cores made of vacuum 
fused high purity 50 per cent nickel-iron. 
This alloy is cold rolled into a tape of 
0,001-inch to 0,002-inch thickness, insu- 
lated by powdered magnesium-oxide and 
wound into a toroidal core, The finished 
core is annealed at 1,950 degrees Fahren- 
heit in electrolytic hydrogen and placed 
into a housing made of insulating material. 
No other core material has given better 
performance up to now. 

With these cores it is possible to obtain 
reactors which magnetize at less than 
one-thousandths of the rated current; at 
this low current they are magnetized up 
to 96 per cent of the ultimate intrinsic 
induction, The increase of the magnetiz- 
ing force with increasing velocity of 
magnetization is small and so are the 
iron losses, While not saturated they 
have a reactance about 90,000 times the 
reactance while saturated, 

A characteristic of these reactors is 
their dynamic magnetizing curve, that is, 
the curve showing the relationship of the 
magnetizing force and the magnetic 
induction measured at full speed (some- 
times called hysteresis loop). Figure 3 
shows the curve measured on a production 
reactor, The magnetizing force /T, for 
zero induction (corresponding to the 
coercive force of the static loop) is more 


tacts. 
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at 


if 


ve 


than 1,000 times smaller than the peak 
magnetization at rated current; Figure 3 
therefore shows only about one-thou- 
sandths of the widths of the whole curve. 

With increasing velocity of magnetiza- 
tion there is an increase in the zero induc- 
tion magnetizing force H,, as shown in 
Figure 4. This increase is a function of 
the thickness of the tape (due to eddy 
currents). 


Commutation 


Without adequate control, the best 
available commutating reactors do not 
satisfy the very rigorous switching condi- 
tions. There are, however, several 
known methods to control the operation 
of the reactors and to compensate for 
their unwanted properties. 

In the following paragraphs, a relatively 
simple control circuit is described, as an 
example. It is shown schematically in 
Figure 1. The operation of the circuit is 
explained by means of Figure 2, Such a 
control circuit could be used on a low- 
voltage high-current rectifier. The ex- 
planation is limited to the commutation 
period which covers the time of the actual 
switching of two contacts; it is much 
shorter than the conduction or insulation 
periods during which the contacts are 
never subjected to any damage, 

Commutation is the transition of the 
current from one contact to another. 
In Figure 1 the commutating contacts are 
assumed to be 1 and 2, they are connected 
to two different phases R/ and R2 of the 
a-c supply, each contact in series with two 
commutating reactors, called make coil 
(LM1, LM2) and break coil (LB1, LB2), 

Before the commutation, contact 1 
carries the current which saturates both 
reactors LB1 and LM1. The direct 
voltage is equal to the voltage between 
R1 and R3 (#13 in Figure 2(A)). Con- 
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A.C, LINE 


— 0.0 LINE 


tact 2 is open, its make coil LAJ2 is 
magnetized in the negative direction and 
its break coil LB2 in the positive direc. 
tion of the current to be carried. It is 
the task of the control circuits to supply 
this premagnetization of the cores, With- 
out it, the make and break coils would 
magnetize at the same time and one of 
them would be useless. The control is 


COMMON TIME BASE 


A 
LINE: 
i000 
B 
Cc 
a 


: Figure 2. Voltages and currents during one 


commutation period 
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Figure 1 (left), Mechanical 

rectifier with commutating re- 

actors; schematic diagram of 
the control circuit 


Figure 3 (right). Dynamic 

magnetizing curve of a com- 

mutating reactor at two differ- 
ent velocities 


accomplished by means of the control 
currents flowing in auxiliary windings on 
the commutating reactors. 

Closing the contact 2 parallel to 1, 
short circuits the two a-e phases R/ and 
R2, The short-circuit current rises to the 
value of the magnetizing current of the 
make coil LW/2, the full short-circuit 
voltage now appears on this coil, There« 
fore the inrush current through the con- 
tacts is equal to the magnetizing current 
of the make coil. Figure 2(B) shows the 
rise of the current J2 in contact 2 after 
closing the contact at the time t/, 2 is 
kept at a very low value for the time 7, 
which is called the make step. The 
change of total flux linkage of the make 
coil is represented by the area AWAZ in 
Figure 2(A). 

At the time /2, the make coil is satu- 
rated, /2 rises and J/ decreases rapidly, 
as shown in Figure 2(38) with the currents 
plotted at a one-thousand times smaller 
scale, At the time #3, 77 has vanished 
to zero, and J2 has reached the full value 
of the load current, 

A control current 7C7 in the auxiliary 
winding of LB/ unsaturates this coil at 
the exact instant that the current // 
reaches zero (Figure 2(B)). When the 
LB1 becomes unsaturated, it blocks any 
further change of the current // and as- 
sumes the full short circuit voltage. This 
state lasts as long as the flux of the break 
coil is changing, represented by the area 
AWB in Figure 2(A); the time 7B 
required is called the break step, 

A small residual current still flows 
through contact 1 (shown as a wavy-line 
in Figure 2(B)). This current must be 
interrupted by the opening contact 1, 
at the time 4, It is immaterial when this 
happens, as long as /4 is after 13 and be- 
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fore #5, After /4, the residual current 
1B! is carried by the by-pass resistor B12, 
During the time / to /5, the magnetiz- 
ing current of the break coil LBI is 
maintained by the auxiliary current [C1]; 
hence the short-circuit voltage is main- 
tained on the primary winding of this 
coil, preventing it from appearing on the 
opening contact, After this time inter- 
val, the contact is separated by a gap 
large enough to assume the full voltage. 


Switching Conditions 


In the following paragraphs the experi- 
mentally determined switching conditions 
are stated, and it is explained by means 
of the simple example shown in Figure 1 
how they can be satisfied, 


CLOSING VOLTAGE 


Immediately before and while closing a 
contact, the voltage must not exceed 
the minimum glow-discharge voltage 
(normal cathode drop, approximately 280 
voltsin air). If this voltage is exceeded, a 
glow discharge develops when the con- 
tacts have approached to a favorable 
distance given by the Law of Paschen. 
The glow discharge changes into an are, 
melting and evaporating some contact 
matter. After closing, the contacts 
weld, and the welded parts will be torn 
apart at the next opening of the contacts. 
This process is cumulative and, after a 
few million operations, destructive by 
transfer and loss of contact matter, 

This condition is satisfied for all recti- 
fiers having contacts in open air and 
operating at a closing voltage of less than 
280 volts. 

Whenever there is a possibility that 
the voltage will be higher it is advisable 
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Figure 5. Flux-current oscillograph of a make coil 


Figure 4, Magnetizing force at zero induction plotted against the 
velocity of magnetization for two thicknesses of the core material 


to have it the make coil, 
As the 


duration of the glow discharge is very 


appear on 
instead of the closing contact, 


short, the make step might be initiated 
shortly ahead of the actual make point 
without increasing the size of this coil, 
To initiate the make step before clos 
ing the contaet, an electronic by-pass 
circuit to the contact is used, for example 
a small mereury-pool cathode rectifier, 
Ky means of the grid control of the recti 
fier, its anodes are fired shortly ahead 
of the closing time, ‘The grids can be 
controlled by the bridge contacts of the 
mechanical rectifier itself, One side of 
the bridge contacts will always close 
before the other side, and this unavoid 
able time delay, due to mechanical inac 
curacies, might thus be used to control 
the grid voltage before the other side 


Closes, 


CLOSING CURRENT 


While closing the contact and im 
mediately thereafter (50 to 100 micro 
seconds), the current should be less than 
the highest tolerable inrush current, 
When the contacts have approached to a 
distance small enough to permit transfer 
of electrons, the resistance is still high 
It will decrease rapidly to a very low 
value if the inrush current is kept small 
enough, An excessive inrush current 
produces enough heat to melt and evapo 
rate the first point of contact, leaving an 
are discharge, The effects of the are 
are the same as deseribed previously, 
Another cause of damage is the bouncing 
To cause 
contact damage, the bouncing does not 
have to be complete, a reduction of the 
contact pressure to increase the contact 
resistance, and thus the heat generated, 
is enough, 


of the contacts after closing, 
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This condition can be satisfied by 
making the closing circuit highly induec- 
tive and limiting the inrush current (1 to 
3 amperes) for a time long enough to 
cover eventual bouncing, In the deserip- 
tion of the commutation, the limitation of 
the make inrush current by means of the 
make coil is shown, 

Without a control circuit, the inrush 
current is equal to the full magnetizing 
current of the make coil. For many 
applications it will be too high and a 
control or premagnetization current will 
be applied to an auxiliary winding of the 
make coil, The auxiliary current will 
magnetize the make coil at a low velocity 
When the contact 
closes, the velocity of magnetization is 
suddenly increased and hence an inrush 
current equal to the difference between 
the high velocity magnetizing current 
and the low velocity magnetizing current 
of the make coil will flow through the 
contact, 


of magnetization, 


Vigure 5 shows an oseillographie pie- 
ture of the flux-current curve of a make 
coil with premagnetization according to 
the circuit shown in Figure 1, The inrush 
current appears as a discontinuity of the 
curve; il is due to eddy currents in the 
iron core, It is apparent from Figure 5 
that the premagnetization reduces the 
inrush current to about one-third of the 
magnetizing current, 

Vigure | shows an example of pre- 
magnetization of the make coils LM1/, 
LM2, LM3, The stabilizing reactors, 
XMI, XM2, XM3, prevent the voltage 
induced in the auxiliary windings from 
influencing the control current, PM is a 
phase-shifter permitting the adjustment 
of a favorable phase position of the con- 
trol currents such as to cover the whole 
range of regulation (by means of make 
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delay) with one setting of the elements of 
the control circuit, 


OPENING CURRENT 


The residual current flowing through 
the contact, immediately before and 
during the opening period, should be 
very small (less than 0.3 ampere). 

Magnetic energy, stored by the residual 
current in the line inductance, will be 
liberated at the instant of interruption, 
It appears later as an electrical charge of 
the capacity of the opening contact, unless 
the recovery voltage is high enough to 
produce and/or maintain an are. 

The resistance of the contact increases 
as the contact pressure is reduced, a too 
high residual current produces enough 
heat to melt and evaporate the last 
bridge of contact matter, leaving an are 
fed by the magnetic energy stored in the 
line inductance. 

It is possible to run with a relatively 
high opening current, but the contacts 
will not last for more than a few days. 
Below this limit, however, the transfer 
of matter disappears altogether. 

As an additional safety feature, the 
residual current (and hence the recovery 
voltage) is to go through zero by reversing 
its direction at the end of the break step. 
If the contacts should draw an are, its 
current would be no more than the 
residual current, low enough to provide 
very little ionization. At the final 
reversal of current, the are will extinguish 
and not reignite due to the lack of ions. 

Without control, the residual current is 
equal to the magnetizing current of the — 
break coil, In Figure 2(B) this magnetiz- 
ing current is shown as JM1/, It is in 
opposite direction to the line current. 
The residual current, however, should be — 
smaller, less variable, and positive before 
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its final rise in the negative direction, 
By compensating for the magnetizing 
current of the break coil, this condition 
will be satisfied. 

Figure 3 shows the magnetizing current 
as a function of the induction of the core 
material, it increases somewhat irregularly 
with increasing induction. It shows also 
that the magnetizing current increases 
with the velocity of magnetization. Due 
to the shape of these curves it is not pos- 
sible to compensate the magnetizing cur- 
rent with a sine-wave shaped alternating 
current or a direct current. 

In order to attain a full compensation 
over the entire period of magnetization 
under all conditions of operation, tran- 
sient control currents are used. These 
are initiated by the sudden rise of voltage 
in the winding of the break coil, closed by 
an oscillating and a nonoscillating circuit. 
In Figure 1, these circuits are shown as 
Y1, Y2, Y3 and consist of a resistor- 
capacitor and a capacitor-inductor link. 

When the break coil LB/ demagnetizes 
(time ¢3 in Figure 2), it is subjected to the 
full commutation voltage /2/, shown as 
EB! in Figure 2(C). This voltage pulse 
also appears at the control winding of 
LB1, initiating a transient current /Y/. 
By careful adjustment of the circuit ele- 
ments of Y/, Y2, and Y3, the transient 
current will compensate for the slope and 
curvature of the dynamic magnetization 
curve of the core material. 

A sine-wave shaped alternating current 
IX1 is added to the transient current. 
Both currents combined, form the control 
current /C/, shown in Figure 2(C). 
Comparing JC! with the magnetizing 
current 7M/ in Figure 2(B), shows that 
they are almost identical during the 
time interval (3-15. The residual current 
through contact 1 is the difference be- 
tween /C/ and JM1/, it is shown as J/ 
and /B/ in Figure 2(B), By using this 
method, it is possible to reduce the 
residual current to less than 1/30,000 of 
the line current, under all conditions of 
operation! When contact | opens at the 
time ¢4, the residual current is interrupted, 
it will thereafter flow through the resistor 
B12. 

Vigure 2(C) shows that the voltage 
EBI on the break coil LBI increases 
with the phase angle at which the de- 
magnetization occurs. Hence the velocity 
of magnetization and the magnetizing 
current also will increase, The transient 
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current is also dependent on the voltage. 
By carefully adjusting the peak value and 
the phase angle of the sine-wave current 
IX1, it is possible to have it rise just 
enough to compensate for the rise of 7)'/ 
and J\1, when the phase angle of the 
break step is delayed. It should be 
noted that this is true for all causes of 
delay, such as reduction of dec voltage 
by make delay, increase in direct current 
or increase of frequency. To make these 
adjustments possible, in Figure 1 a 
phase shifter PB is used, with the adjust- 
able reactors XB/l, XB2, XB3, The 
series-transformers ST’ add a_ voltage 
proportional to the primary voltage of the 
main transformer 7 to the control voltage, 
When the ratio of 7 is changed by chang 
ing taps, the control voltage will have the 
right value to warrant a satisfactory 
commutation without readjustment, 


OPENING VOLTAGE 


Immediately after the interruption of 
the contacts and for a time of approxi- 
mately 100 microseconds, the recovery 
voltage across the contacts should be 
below the smallest voltage required to 
maintain an arc, which is approximately 
10 to 20 volts, 

Having satisfied the previous condition 
of a low residual current, it is easy to 
satisfy this condition by providing a 
resistive by-pass with an extremely low 
inductance for the residual current, As 
break 
coil is supplied by the control current 


the magnetizing current of the 


and the residual current, the voltage on 
the break coil remains unchanged at the 
value of the commutating voltage, pre- 
venting it from appearing at the opening 
contact, 

The by-pass resistors are shown as 
B12, B23, B31 in Vigure 1, their resist- 
ance is determined by the maximum 
value of residual current and the permiss- 
ible recovery voltage (50 to 100 ohms). 

At the moment of actual interruption, 
the residual current is displaced from the 
contact into the by-pass within a very 
short time, It is essential that the in- 
ductance between these paths be ex- 
tremely small in order to prevent oscilla. 
tions between this inductance and the 
capacity of the opening contact, In 
practical applications these oscillations 
are always present, they are, however, 
reduced to a small amplitude by careful 
design. 


No Discussion 
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Oscillations while breaking and a 
destructive inrush current while making, 
are the reasons for which the capacitor 
cannot be used as an are suppressor for 
mechanical rectifiers, A capacitor with 
a high discharge resistor, connected in 
series with a dry cell rectifier will form a 
nonoscillating low induetance by-pass, 
It can be used whenever the losses of a 
purely 
hibitive, 
This method is only one of many, the 


resistive by-pass become pro. 


principles outlined are common to all of 
them, 


Conclusion 


The rated power of the circuit cle 
ments required for the control circuit is 
small, because the currents they carry 
are of the order of the magnetizing cur 
commutating reactors, 
elements are made 
In as much as it is possible 


rents of the 
These adjustable 
under load, 
to adjust the timing of the switehing con 
tacts under load, it becomes possible to 
do all the adjustments of a mechanical 
rectifier while it is running, 

Pxperience of the last years has shown 
that it is relatively easy to interpret the 
commutation by studying the picture of 
the voltage across the contacts on a 
cathode-ray oscilloscope, adjustments if 
needed can be made by observing this 
picture, 

Readjustments are infrequent and easy 
to perform. Hence, the mechanical recti 
fier can be maintained in good operating 
condition by the operating personnel 
which greatly reduces the possibility of 
eventual failure, 
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Development of a Pumpless Ignitron 


C. C. HERSKIND 


FELLOW AIEE 


HEN large rectifiers, using a metal 
VS ae were first built, it was found 
necessary to provide them with vacuum 
pumps capable of operating continuously 
because the techniques were not avail- 
able for making vacuum tight joints and 
seals, and for adequately degassing in- 
ternal parts. This practice has continued 
up to the present time and many pumped 
rectifiers are in operation. However, 
efforts to eliminate the pumps have con- 
tinued. In this country sealed tubes of 
the ignitron type have been developed for 
rectifiers in the smaller sizes. These 
tubes feature glass-to-metal seals and 
stainless-steel envelopes. Some tubes 
have been in successful operation for over 
10 years. In Europe, multianode recti- 
fiers, without pumps, have been built for 
a number of years. These are generally 
of the air-cooled type featuring soldered 
metal-to-porcelain or fused metal-and- 
enamel seals and low carbon steel. 
Standard pumped ignitrons have been 
operated without pumps in both the 
factory and field. Experience gained in 
this fashion has shown that even without 
special techniques the units will operate 
for considerable periods of time without 
pumps. On the basis of these observa- 
tions and with the knowledge of improved 
techniques recently perfected, it was de- 
cided to develop a pumpless rectifier in the 
larger sizes covered by pumped equip- 
ment. 


Requirements 


Some of the requirements which must 
be met, if the pumpless rectifier is to 
successfully supplant the present stand- 
ard pumped equipment, are as follows: 


Ultimate Life. Standard pumped recti- 
fiers have an ultimate life of at least 20 
years and pumpless rectifiers must have a 
similar life. 
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Service Life. The rectifier must operate 
for at least five years before recondition- 
ing is necessary. 


Reconditioning. The pumpless recti- 
fier must be so constructed that it may be 
readily reconditioned either at the factory 
or at the installation. 

The final measure of the pumpless tank 
is, of course, an economic one. To suc- 
cessfully replace the pumped ignitron, it 
must do the same job at an equal or lower 
over-all cost. The cost incurred by the 
greater care to obtain suitable vacuum 
tightness and the additional degassing 
required for pumpless operation must be 
balanced by savings resulting from the 
elimination of vacuum pumps and mani- 
fold connections and the simplification of 
the rectifier assembly. Likewise the 
maintenance costs incurred in recondi- 
tioning must be of the same order as those 
met in maintenance of vacuum pumps 
and systems. 


Design Problems 


In order that the rectifier operate for 
long periods of time without vacuum 
pumps, two simple requirements must be 
met. First, a very low rate of leakage of 
gas into the tank must be obtained; that 
is, all sealed joints must have a very high 
order of vacuum tightness and, second, 
the parts within the rectifier must be 
adequately degassed during the degassing 
period so that it will not become gassy 
during operation. These requirements 
impose a number of design problems. 

It is not possible to construct a vacuum 
chamber with no leakage. If sensitive 
enough instruments are available, it will 
be found there is always some leakage, al- 
though it can be made very small. To 
minimize the leakage in welds, the tank 
construction has been arranged to reduce 
the length of weld to a practical mini- 
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mum. All openings are made with spun 
or pressed flanges instead of fabricated 
flanges. Welds are eliminated, if pos- 
sible, by making two parts out of one 
piece. Where possible, double welds are 
used. Special precautions are taken to 
make welds under most favorable condi- 
tions by positioning and completing 
welds in a single pass. 

Special measures are necessary to as- 
sure the required vacuum tightness at the 
anode seals, gasketed joints, and seal-off 
valve. The ignitor seal is demountable 
and utilizes a gasketed joint. In order to 
reduce the leakage through this joint to an 
acceptable value a special gasketed joint 
was developed. To facilitate recondi- 
tioning, the tank is equipped with a 
vacuum valve which is sealed off after de- 
gassing. It was found that a valve is not 
sufficiently tight for long life. In order to 
prevent the leakage through the vacuum 
valve, an arrangement was developed for 
placing a cap over the valve so as to form 
a chamber on the atmospheric side of the 
valve which in turn could be evacuated 
and sealed off by means of a glass tubula- 
tion. 

When water cooling is used on pump- 
less tanks, careful consideration must be 


given to the prevention of corrosion, as _ 


the nascent hydrogen liberated by the 
corrosive action readily penetrates ordi- 
nary steelandenters the vacuum chamber. 
Several arrangements may be used for 
avoiding corrosion. If the tank is built of 
low carbon steel, the corrosive action may 
be inhibited by treating the water with 
sodium chromate.? A tank of low carbon 
steel may be cooled with untreated water 
if it is provided with copper cooling coils 
soldered in place. Another possibility is 
to build the tank of stainless steel as are 
the sealed ignitron tubes. 

Except for the modifications neces- 
sitated by the above design requirements, 
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Figure 1. Sectional view of pumpless ig © =: l the construction of the pumpless ignitron 


Pecdemny salen seal | i! is similar to that of the pumped rectifier. 


Grid mycalex seal 
Glass seal—off 
Anode heater cover 


4 
9 RNCHORCOMACCTION A sectional view of a 16-inch pumpless 
3 

4 

5 Test electrode 

6 

i 

8 

9 


ignitron is shown on Figure 1. Referring 
to this view, it will be noted that the 
starter assembly is bolted in place so that 


Anode heater GRID CONNECTION : it may be readily removed for cleaning of 

Valve seal guard ; 3 the mercury pool, replacement of the 

ae a =“ 4 ignitor and inspection during normal re- 
1 \ Ry ocr Keane ae 5 conditioning operations. The cover as- 
PC ter tank: weld CONNECTION 4 : 2 sembly is welded into place and arranged 
Reem tank fe so the weld may be ground off if more ex- 
13 Water jacket 9 tensive Hiamicenance as required during 
14 Grid support insulator 0 reconditioning. A wide cover flange is 
145 Heat shield i provided so the cover may be removed 
16 Anode 12 about six times and welded. Anode, 


17. Anode stud 
18 Water baffle Has 
19 Splash baffle aR 
90 Starter mycalex seal 

21 Ignitor adjusting screw 
99 Flexible diaphragm 

93 Starter gasket 

94 Excitation anode 

95 Mercury separator 

26 Leg 

27 \gnitor 

28 Cathode mercury pool 


grid, and ignitor seals are of mycalex 
moulded construction. The rectifier tank 
is of deep drawn low carbon steel and is 
ie : made by a series of drawing operations. 

i ty ‘ fit uTLeT The tank is evacuated through a seal-off 
j r valve located on the cover. The valve 
arrangement is shown in Figure 2. Other 
14 features are similar to those employed on 
standard pumped ignitrons. 
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17 Vacuum Testing 
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19 The pumpless rectifier must have a 
high order of vacuum tightness in order 
to obtain the desired service life before 
reconditioning. It is not sufficient to 
have available techniques for obtaining 
such vacuum tightness. Means for 
checking the vacuum tightness both 
during manufacture and operation 
also must be available. The development 
of the pumpless tank has been delayed to 
this late date because of the lack of such 
means. However, the last ten years has 
seen the development of the halogen-type 

eS leak detector’ and also the helium leak 

INLET detector.4 The availability of these test- 

ing means has made the pumpless recti- 

fier practical. 

Usual leak testing practice on pumped 
metal tank rectifiers consists in pressure 
and seepage tests. The pressure test is 
made by charging the vessels with com- 
pressed air or dry nitrogen, and applying @ 
soap solution to the suspected surfaces 
and observing the formation of bubbles 
of escaping gas. The seepage test is made 
by evacuating the rectifier tank, shutting 
down the pump and observing the rate of 
pressure increase on the McLeod vacuum 
gauge. The minimum size leak which 
may be detected by these means is limited 
because of practical considerations of time 
and labor which may be expended. 

The halogen-type leak detector has 
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is made by filling the chamber to be 
tested with compressed air containing a 
low concentration of halogen vapor, such 
as ethylene dichloride or carbon tetra- 
chloride. A suction tube which draws 
air through the sensitive elements of the 
halogen detector is then passed over the 
suspected surfaces of the vacuum vessel 
and indication is obtained on the halogen 
detector whenever leakage of the halogen 
vapor mixture occurs. The halogen-type 
leak detector is especially useful in mak- 
ing factory tests during manufacture in 
checking vacuum welds, seals, gaskets, 
and metal parts. 

Final vacuum tests are made by means 
of the helium leak detector which is an 
adaptation of the mass spectrometer. 
lor these tests, the rectifier tank is 
evacuated and the exhaust system is con 
nected so that samples of the gas pumped 
out of the rectifier may be passed through 
the mass spectrometer. The rectifier 
tank or any part of it is then enclosed in a 
bag which is filled with helium. If there 
is any helium leakage through the rectifier 
tank, an indication is obtained on the 
leak detector. 

After the rectifier has been placed in 
service, some method for checking the 
vacuum without breaking the vacuum 
seal is desired. From tests it has been 
found that a rough measure of the vacuum 
may be obtained by measuring the are 
drop with a low value of direct current 
passing through the tank. ‘Tests have 
shown that as the foreign gas pressure 
increases in a range from zero to 250 


ARG DROP MEASURING CIRCUIT 


Figure 3 (left), 

Arc drop versus 

vacuum in pump- 
less ignitron 


Figure 5 (right), 
Pumpless —igni- 
tron tank 


microns, the are drop increases likewise as 
anearly linear functionof pressure. Figure 
3 shows the circuit used for making the 
are drop measurements and the variation 
in are drop with foreign gas pressure for a 
particular rectifier tank, 


Degassing 


After a vacuum tight rectifier has been 
produced and evacuated go that no gases 
can leak in from the atmosphere, and the 
mobile gas pumped out from the interior 
space, it must be degassed before it is 
operable. That is, the absorbed gases 
must be removed from the internal parts. 
It is well known from experience with all 
types of vacuum discharge devices that 
after the vacuum chamber has been 
pumped down, the walls and other parts 
of the chamber continue to liberate gases, 
and that this evolution of gas from the in 
ternal parts depends upon the tempera 
ture of the parts. 

If a rectifier is degassed by passing an 
are discharge through it, that is, current 
degassing, it is found that if the degassing 
current is held constant the liberation of 
foreign gases will rapidly diminish and 
apparently cease after a given period of 
time. If the value of degassing current is 
then increased, producing higher tempera 
tures of the internal parts, gas will again 
be liberated for a period of time and then 
This 
process may be continued at successively 


diminish and apparently cease, 
higher levels of degassing current. From 
this it is apparent that all the gases are 


Figure 4 (left) 
First pumpless igni- 
tron rectifier—front 
view 6 tank 1,000 
kw at 4,000 am- 
peres, 250 volts 


Figure 6 (right), 
Pumpless ignitron 
rectifier unit rated 
1,000 kw at 4,000 
amperes, 250 volts 


Herskind, Remscheid—Development of Pumpless Ignitron 


never removed from the internal parts of 
the rectifiers. What then is the eriterion 
for the adequacy of degassing? 

The first requirement for adequacy of 
degassing is that the degassing process 
must be carried to levels of temperature 
equalling those expected in service, This 
means that the internal parts of the reeti- 
fier must be subjected to temperatures 
approximating those experienced in sery- 
ice for a sufficiently long time to liberate 
and remove the absorbed gases so that 
these gases will not be liberated when 
operating in service, causing a passy 
tube. 

If it were absolutely necessary that all 
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parts of the rectifiers be carried above the 
temperature levels experienced in service, 
so that no gases would be liberated during 
operation, the construction of a pumpless 
rectifier would be difficult if not altogether 
impractical. It would be necessary to em- 
ploy extreme measures to make sure that 
all parts have been adequately degassed, 
not only for the usual temperatures en- 
countered in normal operation, but also 
for the unusual temperatures that might 
be rarely experienced during faults, over- 
loads, or other abnormal conditions, Ex- 
tremely long degassing periods might be 
required to take care of those parts which 
degas very slowly and continue to liber- 
ate gases for a long time. Also, there 
would be no provision for the steady de- 
terioration in condition incurred because 
of the inevitable small leakage which 
takes place. These difficulties are all re- 
moved because of an absorption action 
exhibited by the rectifier. 

Tests have shown that if an arc is es- 
tablished in a rectifier tank which has 
been degassed but contains a small 
quantity of foreign gas in mobile state, 
the gas will disappear.® The manner of 
its disappearance depends upon the nature 
and amount of the gas and the condition 
and character of the internal parts of the 
rectifier. Those gases which are chemi- 
cally active such as oxygen, nitrogen, 
et cetera, disappear quite rapidly; the 
inert gases, such as argon, neon, et cetera, 
more slowly. ‘The action involves ab- 
sorption of the gases by the tank walls and 
electrodes and depends upon the condi- 
tion of these parts resulting from the de- 
gassing treatment. 

The second requirement for adequate 
degassing may therefore be stated; 

namely, the degassing process must be 
carried to temperatures sufficient to 
“provide ability to absorb any gases which 
may be liberated by rectifier parts during 
operation or which may seep in from the 
inevitable small leakage. 

Various processes may be utilized for 
degassing,’ For example, the degassing 
may be carried out directly by operating 
the rectifier with a degassing current ex- 
ceeding the maximum current expected 
in service. Degassing also may be ac- 
complished by heating the major parts of 
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the rectifier by radiation or induction. 
Or, again, the various parts, such as 
anodes or grids may be separately treated 
before assembly in the rectifier. The 
choice of degassing procedure becomes 
then an economic one of finding the 
simplest and lowest cost methods of pro- 
viding adequate gas removal. 

In an effort to determine the most 
effective and economical degassing pro- 
cedure, extensive tests have been made in 
which both the quality and quantity of 
gas removed during degassing were 
measured, with the conditions for libera- 
tion determined in terms of temperature, 
current, and time. 

The kind of gases liberated during the 
degassing process were determined by 
means of the mass spectrometer. Samples 
of the gases liberated during degassing 
were passed through the mass spectrom- 
eter at regular intervals during the de- 
gassing period. Measurements of gas 
flow were obtained from the pressure read- 
ing during degassing and also by means 
of a special manometer, 

Two general degassing procedures were 
used during developmental tests: In the 
first, which was conducted without mer- 
cury in the rectifier, the tank walls were 
heated to various temperatures up to 500 
degrees centigrade. Following this wall 
degassing, the mercury was admitted to 
the rectifier without breaking vacuum 
and the rectifier was then given a current 
degassing in the normal manner used on 
pumped rectifiers and carried to current 
levels exceeding those expected in serv- 
ice. 

Laboratory tests have shown that 
zirconium may be used as an effective 
getter in the presence of mercury vapor. 
This may prove to be the most economical 
method for providing the desired ab- 
sorbing ability in a rectifier. However, 
tests which have been made so far in- 
dicate that the need for a getter is not 
sufficient to justify the complications in- 
troduced by the use of zirconium, 


Operating Experience 


The first pumpless ignitron was shipped 
from the factory in August 1948 and 
put into service about two months later 


No Discussion 


Herskind, Remscheid—Development of Pumpless Ignitron 


in a steel wire mill. The unit has operated 
since that time without arc-back at a 
load factor of approximately 80 per cent. 
It consists of a 6-tank 1,000-kw unit rated 
4,000 amperes at 250 volts. Figure 4 
shows the unit taken at the installation. 

This unit was degassed and sealed off 
at the factory prior to shipment and has 
not been degassed or pumped down since. 
Periodic readings of vacuum, taken by 
the are drop method, give no indication of 
increasing gas pressure or other deteriora- 
tion. 


Conclusions 


On the basis of the very favorable 
factory and field tests, additional installa- 
tions of pumpless ignitrons have been 
undertaken. Figure 5 shows a single 
pumpless tank, and Figure 6 a 6-tank 
unit now being installed. 

The pumpless rectifier is a logical de- 
velopment extending from the pumped 
metal tank rectifiers which has long been 
desired and has finally been made pos- 
sible and practical by the improvement 
in vacuum technique and increased 
knowledge of the physical processes. The 
pumpless rectifier makes possible a 
simpler rectifier construction with greater 
flexibility of arrangement. It is expected 
that it will eventually supplant the pres- 
ent pumped rectifiers completely. 
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Synopsis: A constant rate of progression 
of frequency of a motor-driven heterodyne 
oscillator is obtained by comparing its 
output with a frequency standard. The 
result is fed into a servo loop which drives 
the motor at the proper speed. When used 
in connection with a level recorder a linear 
frequency scale is obtained which is more 
accurate than the static calibration of the 
oscillator. 


ETERODYNE oscillators are fre- 

quently used in a measuring system 
in which the oscillator is swept over its 
frequency range by means of a motor 
while the characteristic being measured 
is recorded on a strip of perforated chart 
paper linked to the frequency control 
through a toothed chart drive mechanism. 
The linkage may be purely mechanical 
or it may be obtained by the use of two 
synchronous motors, one driving the fre- 
quency control of the oscillator, the other 
the chart 
recorder. 


advance mechanism on the 
One of the advantages of the 
latter arrangement is that the recording 
may take place far from the oscillator; 
for instance, at the end of a long cable 
whose transmission is being measured, 
provided the motors are driven from a 
power source of accurate frequency, 

The present paper describes an oscil- 
lator driving mechanism which produces 
a constant time rate of progression of the 
oscillator frequency independently of the 
shape of its calibration curve. With such 
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an arrangement, if the synchronous motor 
at the recording end is driven from a 
source of constant frequency, the fre- 
quency scale is linear and therefore it 
may be preprinted on the recording 
paper. 

Another use for such an oscillator drive, 
and incidentally the one for which it was 
developed, is in measurements where the 
integral |! Me: 


SPNaf : 


of the measured characteristic, instead of 
the characteristic itself, is desired. In 
such cases F(f) is integrated with respect 
to time by electronic means, and, since 
f=Kt, when the substitution is made in 
the above integral 


Sc PDap=K fi Fp at 


It is seen that the time integral, when 
multiplied by a known constant of the 
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system, furnishes the desired frequency 
integral. 


Principle of Operation 


In order to obtain the constant time 
rate of progression of frequency, the 
oscillator output is fed into a measuring 
detector (Figure 1) which determines the 
times fo, t1, fg. . . at which the oscillator 
frequency is respectively fo, fi, fe - . ., 
the frequencies f, being separated by a 
constant frequency interval Af=f,+1—fn. 
A pacing circuit furnishes a slowly-rising, 
fast-dropping saw tooth shaped voltage 
output derived from an accurate fre- 
quency standard. The saw tooth wave 
frequency being constant, the times f’, 
ty’, to’, ... at which the slowly rising por- 
tion of the wave begins, are separated by. 
equal intervals At, The values of Af and 
At are selected so that the ratio Af/At 
equals the desired average rate of progres- 
sion of frequency with time. 

A comparison circuit measures the 
time intervals ¢,-t,’. The result of the 
measurement appears as a control yolt- 
age across the grid of a variable gain 
stage of a power amplifier, which ampli- 
fies a 60-cycle signal applied to the motor 
driving the frequency control of the 
oscillator. 

If the frequency is higher than tAf/At 
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Block diagram of the servo drive 
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Figure 2. Schematic diagram of the measuring detector 


the effect will be to decrease t,-t,’. The 
motor voltage will decrease and the motor 
will slow up. If the frequency is lower, 
ty-t,’ will increase and the motor will 
accelerate. 


The Frequency Measuring Detector 


The circuit that measures the oscillator 
frequencies is operated from an accurate 
4-ke frequency standard. The 4-kc 
signal is fed into a harmonic generator 
which produces a sharp pulse containing 


‘all of the harmonics of 4 ke up to 8 


megacycles with about the same ampli- 
tude. These are fed together with the 
heterodyne oscillator output, into the 


grids of the tubes V; and V2 (Figure 2). 
The result of modulation is shown graph- 
ically on Figure 3. There the harmonics 
of 4-ke pulse, 80, 84, 88 .. . appear as 
horizontal lines, while the oscillator fre- 
quency appears as a line sloping upwards 
at a rate of approximately 12.5-ke per 
second. The modulator output of inter- 
est here is represented as a series of lines 
sloping up or down as the oscillator fre- 
quency approaches or recedes from a 
harmonic of 4 ke. The times marked fp, 
h, te, indicate the instant when the 
modulator output reaches 1,000 cycles. 
This happens twice for each harmonic of 
4 ke; once when f is below and once 
when it is above. The amplifier stage 
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Servo action when the oscillator frequency is too high 
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V3 in Figure 2 is tuned to 1,000 cycles sa 
that a large output appears only when the 
oscillator frequency is 4N-+1 kc, where 
N is an integer. The value of the 1,000 
cycle signal at the peak of the pulse is 
about 10 volts rms. 


The Pacing Circuit 


The pacing circuit consists of a con- 
ventional 3-stage counter circuit sub- 
dividing the 4 ke in a ratio of 640 to one. 
The output is a 6.25-cycle saw tooth wave 
rising slowly and dropping rapidly. 


The Comparison Circuit 


The gain control voltage for the power 
amplifier is obtained by charging the 
smoothing capacitor C; (Figure 4) to the 
value of the instantaneous voltage of the 
pacing wave at the time f, 4... of the 
arrival of the 1,000 cycle pulse. The 
voltage is switched on the capacitor 
only at the times fo, hh, fg. . . and switched 
off in between. The capacitor holds the 
charge it acquired last until the next 
switching period. 

The switching is accomplished by: 
means of the tubes Vi, and V2, Figure 4, 
Tube V; conveys positive and V2 nega- 
tive charges to the smoothing capacitor, 
Neither tube is conducting normally be- | 
cause the grid leak capacitors C, and C3 
have large negative charges, as will be 
explained below, which bias the tubes 
beyond the cutoff. When the 1,000 
cycle envelope pulse reaches its peak, 
however, its instantaneous positive peak 
voltage is at least equal to the capacitor 
voltage. The tube whose plate is posi- 
tive with respect to the cathode is not 
biased beyond cutoff and conveys a 
charge to the capacitor Cy. 

In fact, the instantaneous positive peak 
voltage is slightly larger than the capaci- 
tor voltage. The grid, therefore, draws 
a positive current which charges the 
capacitor negatively. The capacitor 
charge leaks off slowly enough to main- 
tain a negative bias until the next pulse 
arrives. 

The resultant speed control voltage 
obtaining across the smoothing capacitor 
is shown on Figure 3 and is seen to be 
lower at the beginning than the average 
voltage of the pacing wave because the 
oscillator frequency used in the example 
is higher than the required value K+12.5 
(t-to) hence the times h, fz, fs . . . occur 
before the pacing wave reaches its aver- 
age value. The fact that the control 
voltage is lower than the average causes, 
the oscillator motor to slow up and the 
resulting lag in 44, fs... brings the control 
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voltage up, and closer and closer to the 
average, 

Similar reasoning will show that had 
the oscillator frequency been lower than 
the required value, the control voltage 
would have increased, 

Thus deviations in frequency from the 
required value produce a regulating 
voltage change restoring dynamic equilib- 
rium, Whenever the scale spread of the 
oscillator is larger than average, the motor 
has to run faster and the equilibrium 
point_is displaced upwards, Where the 
scale spread is less than the average the 
equilibrium point down 
wards. ‘The system becomes inoperative 


is displaced 


when the required control voltage is 
higher than the peak or lower than the 
bottom of the pacing wave, ‘The con 
stants of the system are selected so that 
a 10 per cent variation in the scale spread 
can be handled, 

To prevent rapid leaking off of the 
charge from the smoothing capacitor the 
output of the circuit is taken out through 
a cathode follower, 


Power Amplifier 


The output of the comparison circuit 
changes the gain of the variable pain 
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6 25 CYCLE 
SAWTOOTH mm 


TJ 


c 


c 
1000 CYCLE PUL SI 
FROM TIMING CIRCUIT 


stage of the power amplifier as the grid 


bias is inereased or decreased, The 
60-eyele input is fed in from the power 
line, 

Control 


The operation of the system is moni 
tored on an oscilloscope where the hori 
zontal deflection is controlled by the 
(,.25-eyele pacing wave while the vertical 
shows the envelope of the timing 1,000- 
eyele pulse. The 60-eyele level and, 
hence, the average motor speed are ad- 


No Discussion 


Sloncsewskt—A_ Servo System for Heterodyne Oscillators 


VI Figure 4. Compari- 
son circuit), 
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justed so that the pulse occurs at about 
2/3 of the sweep towards the peak, The 
need for assymimetry arises in the faet 
that frietion hinders acceleration while 
helping the deceleration of the system, 


Results 


The accuracy of the oscillator as 
checked by a monitoring oscilloscope is 
about 1 ke over a frequency range of 
0,05 to 8 megacycles, This is higher than 
the reproducibility by manual setting of 
the oscillator seale, 
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Line Insulator Loss Under Normal 
Conditions—500-Kv Test Project of the 
American Gas and Electric Company 


O. NAEF 


MEMBER AIEE 


OST of the information in the litera- 

ture on the performance of line 
insulators is concerned with conditions 
which lead to flashover.'**> Much less 
information is available on the loss char- 
acteristics of insulators under normal 
conditions, and that available is some- 
what contradictory. Information on insu- 
lator loss under normal conditions is of 
considerable interest to corona loss in- 
vestigators because it is desirable to be 
able to differentiate between corona and 
insulator loss. Utility engineers fre- 
quently are concerned about normal 
insulator loss when attempting to evalu- 
ate system losses. A summary of pub- 
lished information 51° is presented in 
Figure 1. These data have been con- 
verted to a common base as nearly as 
possible. Because of extreme sensitivity 
of the corona instrumentation at Tidd, it 
was considered desirable to obtain insu- 
lator loss data as a function of weather 
so that accurate records of corona loss 
could be obtained. To this end, the 
insulator loss instrumentation can be 
used for either visual or graphic recording. 


Theoretical Considerations 


Two methods of measuring insulator 
loss have been used. One method is to 


Paper 51-224, recommended by the AIEE Trans- 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE Summer General Meet- 
ing, Toronto, Ont,, Canada, June 25-29, 1951. 
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use the current across the grounded insu- 
lator unit, and the other is to construct a 
ground plane in such a manner that it 
“collects” substantially all of the capaci- 
tive current which flows to ground. To 
evaluate the relative merits of these two 
methods, it is necessary to understand an 
insulator string as an electric circuit. 
The equivalent circuit representing an 
insulator string is a complicated series- 
parallel combination of capacitors and 
resistors, which has been simplified in 
Figure 2. The capaci.ances between in- 
sulator units, and from insulator units 


INSULATOR LOSS IN WATTS PER STRING 


LINE -TO-GROUND VOLTAGE IN “KV 
Figure 1 (left). 
A. Vertical string (24 units).® 


voltage (26 units). * 


B. Horizontal 
D. Vertical string, increasing voltage.’ E. 


to conductor have been omitted. These 
slightly affect the voltage, distribution 
across a string, but do not greatly affect 
the following discussion. The capacitance 
of one isolated unit is about 30 micro- 
microfarads.4 However, if the capaci- 
tance to ground of a string of insulators is 
measured, it is found to be much greater 
than 30 micromicrofarads/(number of 
units) because of distributed capacitance. 
The capacitance to ground of a 34-unit 
string at Tidd was 20 micromicrofarads, 
and of a 30-unit string measured in the 
Trafford High-Voltage Laboratory of the 
Westinghouse Electric Corporation, 22 
micromicrofarads. Thus it can be seen, 
that the series capacitance of an insu- 
lator unit contributes very little to the 
capacitance of the string to ground. 
Referring to Figure 2 and neglecting 
resistance, the voltage across the line-end 
unit, number 1, is given by, e:=(t#+¢2+ 
ig+1,)/we,. Similarly the voltage across 
unit 2 is, e2=(t2+¢3+%s)/wee, Thus it 
becomes evident that the voltage distri- 
bution across a string is not uniform, and 
that the unit at the line end is subjected 


TOWER OR GROUND 


Loss on clean, dry insulators observed by different investigators 


C. Vertical string, decreasing 
Vertical string (26 units).® 


string.® 


F. Vertical string (26 units).° (Author's measurements indicate fair-weather loss is prac- 
tically zero, and certainly less than two or three watts up to 289 kv) 


Figure 2 (right, above). Simplified equivalent circuit for an insulator string 
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WATTMETER Figure 3 (A) 
(left). Schematic 


of the test set- 
up. (B) (right). 
Ground plane 
with — stovepipe 
shielding on 
plane and bus 
conductor. The 
string had been 
removed 


HIGH VOLTAGE 
WINDING | 
| 


Figure 4 (below and on following page), Sample insulator 
loss records, (A), (B), and (D) obtained at 216 ky line to 
ground, (C) at 187 kv line to ground 
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to the highest stress. (References 7 and 8 
show the voltage distribution across insu- 
lator strings and the improvement gained 
by adding a grading ring to a long string.) 
It should be noted that all currents are in 
phase if resistance is neglected, regardless 
of the values of capacitance. 

To represent loss on an insulator string, 
resistance must be introduced into the 
circuit as shown by resistors R, to R4. 

The addition of resistance to the circuit 
not only adds an additional shunt path, 
but the voltages at points a, b, and ¢ are 
no longer in phase with the line to neutral 
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voltage, with the result that currents 1, to 
i, do not lead the applied voltage by 90 


degrees. Thus some of the loss com- 
ponent of current on the string can flow 
to ground through the distributed capac- 
ity and will not be recorded by a watt- 
meter which is supplied with only the 
current from the grounded unit. 

It is logical to assume that the magni- 
tude of the leakage resistance of the 
individual units is a function not only of 
contamination and moisture but also of 
the voltage across the unit. These fac- 
tors, plus the difficulty of evaluating the 
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magnitudes of the yarious values of 
capacitance involved, make an analytical 
study of an insulator string difficult. If 
the leakage resistance of an individual 
unit becomes small compared to the 
capacitive reactance involved, then the 
voltage distribution across the string is 
more nearly uniform and the voltages 
across individual units are again closely 
in phase with the applied voltage. 

The foregoing discussion, although not 
conclusive, does indicate the conditions 
during which accurate measurements can 
be obtained using only the current from 
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70 


60 


Figure 5 (left). 
Wattmeter read- 
ings with and 
without the insu- 
lator string 


METER INDICATION IN WATTS 
wu 
So 


20 


INSULATOR LOSS IN WATTS PER STRING 


Figure 6 (right). 


Insulator loss as 


150 200 250 


LINE-TO-GROUND VOLTAGE IN KILOVOLTS 


the grounded unit. If the actual loss is 
the wattmeter will indicate this 
value, and when the loss is extremely 
high, the meter will indicate closely the 
correct loss. The most questionable loss 
values are obtained when the loss is 
comparable to the charging volt-amperes 
taken by the string. Thus measurements 
made using the current from the grounded 
unit tend to become progressively less 
accurate at the higher values, since rarely 
does the loss on an insulator string with 
reasonable contamination even approach 
the charging volt-amperes. 


zero, 


Test Setup 


The setup used in the study of insula- 
tor loss on a vertical string of 34 units is 
shown schematically in Figure 3(A). By 
operation of a remotely controlled relay, 
current from the ground-end unit, or 
this current plus the current from the 
ground plane, can be supplied to the 
wattmeter. Provision also is made to 
measure the loss on a horizontal string of 
26 units, but in this installation there is no 
ground plane. 

Because of the small losses involved, 
the wattmeter is connected backwards 
in the sense that the reference current is 
passed through the current (stationary) 
coil and the load current through the volt- 
age coil. This allows measurement of 
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a function of 
relative humidity 


A 254 kv L-G 
X 299 kv L-G 
300 350 © 194 kv L-G 
1) 157 kv L-G 


extremely low losses at high voltages. 
The wattmeter is one of the corona-loss 
meters which was designed especially for 
the Tidd 500-kv corona tests. Using the 
most sensitive scale of the wattmeter, a 
deflection of 2 per cent of full scale is 
0.5 watt. 

During graphic recording, the losses on 
the horizontal and on the vertical string 
are measured alternately for periods of 20 
minutes each. In order to distinguish be- 
tween the loss on the two strings, an 
auxiliary circuit is used which adds a few 
watts to the loss on the vertical string. 
Since it is rather difficult to read these 
charts without some experience, the data 
have been replotted so that the loss on 
horizontal and vertical strings can be 
readily distinguished. Because the watt- 
meter records the loss on one string at a 
time, simultaneous peak values of loss 
cannot be observed. This fact accounts 
for some peak losses appearing on one 
insulator and not on the other. Simul- 
taneous comparisons can be made at each 
changeover point on the original charts. 
Sample records replotted to a loss scale 
based on 15 insulator strings per 3-phase 
mile are shown in Figure 4. 

The insulator strings used in these 
tests have been in continuous service in 
the bus of the Tidd 500-kv corona test 
lines since October 1947. This area is 
near the Tidd plant of The Ohio Power 
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(A) VERTICAL STRING 


RELATIVE HUMIDITY IN PERCENT 


Company, and is subject to moderate 
industrial contamination. The test lines 
are located in a valley and adjacent to a 
river, hence they are subject to consider- 
able fog. The insulators are not subject 
to the degree of contamination which 
would be experienced near a cement or 
steel mill. Visual examination of the 
insulators shows their surface to be con- 
siderably dulled by the surface deposit, 
but it is not thick enough to change their 
color appreciably. Contamination in this 
area is primarily waste products of soft 
coal combustion. 


Verification of Circuit Accuracy 


The initial measurements of loss on the 
vertical string yielded phenomenonally 
high values of loss as shown by the curves 
marked ‘“‘with string’ in Figure 5. How- 
ever, it was still more amazing when it 
was found that practically identical 
values of loss were obtained when voltage 
ruins were made on the setup with the 
string removed! ! Tests with the string 
removed are marked ‘without string”’ in 
Figure 5. 

From this and other tests, it became 
apparent that the ground plane picked up 
corona loss from the bus, and that the 
insulator string contributed little if any 
thing to the observed values, The bus is | 
strung with 2.00-inch HH copper conduc- 


AIEE TRANSACTIONS 


tors, but for another purpose, a 3/8-inch 
conductor is spiraled around it. It was 
found that the phase voltage had to be 
reduced to 150 kv before the stray loss 
picked up by the ground plane became 
zero. The shape of the loss curve ob- 
tained was characteristic of a point dis- 
charge. Observations at night at voltages 
slightly above 150 kv revealed no corona 
discharges in the vicinity of the ground 
plane. At higher voltages, 200 and 289 
kv, corona was visible on the bus and on 
the ground plane itself. 


In an effort to eliminate this stray loss, 
the bus conductor and the outside edge 
of the ground plane were shielded with 
6-inch stove pipe, as shown in Figure 3(B). 
Some improvement was noted, but it be- 
caine apparent that very extensive shield- 
ing would be necessary before the ground 
plane could be used as originally planned. 

The ground plane does serve one es- 
sential function however, and that is the 
estimation of fair-weather loss, Compari- 
son of readings taken with and without 
the insulator string agreed so closely that 
it was evident that insulator loss was very 
small. An insulator loss in excess of 2 
or 3 watts would have been observed. 
It was therefore concluded that insulator 
loss must be less than 2 or 3 watts, and 
probably close to zero. Fair-weather 
measurements without the ground plane 
indicated practically zero, confirming that 
fair-weather insulator loss is negligible. 
It was desirable to check one measure- 
ment scheme against the other, as it is 
possible to get an erroneous reading of 
zero loss using either measurement 
method. In view of the small magnitude 
of fair-weather insulator loss, the work 
necessary to obtain more accurate values 
was not considered warranted. 


A comparison between foul-weather 
insulator loss measurements made with 
and without the ground plane is shown in 
Figure 7. The ground-plane measure- 
ments have been corrected for stray loss 
based on, previous measurements. The 
ground-plane measurements are con- 
sidered more accurate. It will be noted 
that there is reasonable agreement except 
at the higher values, and that even here 
the agreement is close. 

Since statistically the high loss periods 
contribute little to the long-time average 
values of loss, a serious error is not intro- 
duced by omitting the ground plane for 
graphic measurements. The method used 
in Figure 7 does not lend itself readily to 
graphic measurements, For these rea- 
sons, it was decided to make recorded 
measurements without the ground plane. 
This method, while not 100 per cent 
accurate, yields values which are defi- 
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Figure 7 (right). Typi- 
cal insulator loss versus 


voltage curves taken 
during rain 

(Curve a.) Vertical 

string using ground 
plane 

(Curve b.) Vertical 

string not using ground 
plane 


(Curve c.) Horizontal 
string (no ground plane) 


WATTS PER STRING 


nitely only a function of insulator loss, 
and do not require detailed corrections. 


Results 


As stated previously, fair-weather insu- 
lator loss is apparently negligible and 
certainly less than 2-3 watts per string 
at 289 kv. Thus assuming reasonable 
contamination, fair-weather insulator loss 
on transmission lines can be neglected. 

Insulator loss increases in foul weather, 
as does corona loss, but not in the same 
manner. It is possible to have high- 
corona loss and low-insulator loss as 
shown in the sample charts of Figure 4. 

Insulator loss is a function of the con- 
tamination on the surface of an insulator, 
and the amount of moisture which is 
present. Heavy rain tends to wash the 
insulators, thereby reducing the loss. As 
would be expected, graphic records of 
insulator loss show that high values of 
loss are recorded during fog, high humid- 
ity, and during the early portions of rain 
periods. Insulator loss shows less tend- 
ency than corona loss to change rapidly 
with rate of rainfall and is generally 
moderate or low during prolonged rain 
periods. Wet snow can also cause fairly 
high values of insulator loss with peak 
values being about 12 watts on a hori- 
zontal string. 
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LINE-TO-GND VOLTAGE IN KV 


Curiously, insulator loss appears to be 
more a function of weather than it is of 
voltage. The insulator loss 
recorded Figure 4(C) occurred during 
condensation, at the relatively moderate 
line-to-ground voltage of 187 kv. ‘This 
fact is borne out by Figure 6 which con- 
tains data taken at several voltages. In 
this figure, insulator loss is shown to be 
primarily a function of relative humidity 
and largely independent of voltage, 

Corona-loss records obtained during 


highest 


periods of condensation of moisture are 
distinctly different from records obtained 
during rain, so that charts of corona loss 
can be used to determine periods of con- 
densation on the conductors. While 
admittedly the thermal and radiation 
characteristics of porcelain are different 
from those of metals, visual observations 
indicate that both insulators and condue- 
tors are generally subject to condensation 
at the same time, These observations to- 
gether with the data from the photo- 
graphic weather recorder,” have enabled 
the investigators to determine quite 
accurately the periods of condensation on 
the insulators. These periods have uni- 
formly yielded high values of insulator 
loss. During periods of known condensa- 
tion losses of 10 to 30 watts per string 
have been recorded, ‘This is two to six 
times the effect of high humidity alone, 
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and much higher than average rain losses. 

In general the loss on a horizontal 
string is less than on a vertical string. 
This is due to the fact that horizontal 
insulator strings are washed on both sides, 
whereas a vertical string is washed only 
on top. The average loss on a horizontal 
string is about 60 to 70 per cent of that 
on a vertical string. However, it occas- 
ionally happens that the loss on the hori- 
zontal string is higher. This condition 
can be caused by a very fine mist which 
wets-both sides of the horizontal string, 
but does not wash it. An example of this 
condition is shown in the sample records, 
Figure 4. 


Conclusions 


Insulator loss is not of much economic 
importance where normal contamination 
A 380-kv line 
can be expected to have an annual aver- 
age loss of 2 or 3 watts per string or, 
assuming 15 strings per mile, of 0.03 to 


and rain are experienced. 


0.045 kw per 3-phase mile. This value 
was obtained by integrating the loss 
on horizontal and vertical strings and 
dividing by time, assuming the fair- 
weather loss to be zero. 

Insulator loss is a combination of the 
effects of contamination and moisture. 
It is highest during periods of condensa- 
tion, high humidity, and during the initial 
periods of rainfall. Humidity and con- 
densation of moisture are more important 
in determining insulator loss than is 
voltage. 

The average loss on horizontal strings 
is 60 to 70 per cent of that on vertical 
strings. Fair-weather insulator loss is 
apparently negligible and certainly less 
than two or three watts. 
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Basic Heat-Transfer Data in Electron 


Tube Operation 
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UCCESSFUL operation of an electron 
tube depends on its heat dissipating 
characteristics as well as on its electronic 
characteristics. The tube energy is not 
all useful, unfortunately, and the part of 
the total energy that appears as heat 
must be transferred to the environment. 
Heat is generated at several sources; the 
primary sources are at the hottest tem- 
peratures, while various structural com- 
ponents assume temperatures  inter- 
mediate between source temperatures 
and ambient. All the temperatures are of 
interest to the tube designer, because of 
his knowledge of the effect of temperature 
on the materials with which he works as 
well as on electron emission. 

This paper is primarily concerned with 
operation of the tube in a known en- 
vironment, although the topics covered 
also are of importance in tube design. 
Evaluation of thermal resistance is the 
principal topic. The equations and 
formulas to be presented are available in 
the literature, which will be cited, but not 
always in a form convenient for use in 
electrical problems. 

It is possible to estimate the tempera- 
ture at any location in a tube due to the 
losses it generates, by means of the well- 
known device of a thermal circuit. James 
Clerk Maxwell! was the first to point out 
the analogy between conduction of elec- 
tricity and conduction of heat. He 
wrote, in part, 

“The analogy between the theory of the 
conduction of electricity and that of the 
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conduction of heat is at first sight almost 
complete. If we take two systems geo- 
metrically similar, and such that the con- 
ductivity for heat at any part of the first is 
proportional to the conductivity for elec- 
tricity at the corresponding part of the 
second, and if we also make the tempera- 
ture at any part of the first proportional to 
the electrical potential at the corresponding 
point of the second, then the flow of heat 
across any area of the first will be propor- 
tional to the flow of electricity across the 
corresponding area of the second.... Flow 
of electricity corresponds to flow of heat, 
the electric potential to temperature, and 
electricity tends to flow from places of high 
to places of low potential, exactly as heat 
tends to flow from places of high to places 
of low temperature.” 


The thermal circuit is thus analogous to 
an electric circuit, with current replaced 
by heat flow rate, voltage replaced by 
temperature difference, and resistance re- 
placed by thermal resistance. It is no 
longer considered necessary to have 
geometrical similarity, and the procedure 
may be extended to the case of transient 
heat flow, by replacing electric capacity 
with thermal capacity. 

The natural mode of heat dissipation 
from the surface is by free convection and 
radiation; at room temperature the 
magnitude of these two effects is about the 
same. When the tube runs too hot, re- 
course must be had to forced convection, 
in which a cooling fluid, usually air or 
water, is forced over the surface by 
mechanical means. In some special ap- 
plications the tube is required to operate 
in a fixed temperature range, so that 
sometimes it is cooled and sometimes it is 
heated. 


Thermal Circuit for Steady State 


The complete thermal circuit for heat 
dissipation from a tube consists of a net- 
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work which is evaluated in the ordinary 
manner by means of Kirchhoff’s laws or 
similar theorems. However, any element 
may be evaluated separately if heat flows 
or temperatures up to the point of con- 
sideration are known. 

The first circuit to be illustrated gives 
the temperature of a tube envelope, 
cooled by radiation and free convection, 
when the heat generation and the ambient 
temperature are known, see Figure 1. 

The equation of this circuit gives the 
temperature rise of the surface above 
ambient air as: 


q 


~ A (hott) (1) 


ts—ta 
which is directly analogous to H=JR. 

When temperatures ¢ are expressed in 
degrees centigrade, heat flow g in watts, 
and area A in square inches, the units of 
the surface heat-transfer coefficients, h, 
for convection and h, for radiation, are 
watts, square inches, degrees centigrade. 
It is to be noted that the coefficients are of 
the nature of conductances, so that where 
resistances are more convenient, the re- 
ciprocals of the heat transfer coefficients 
are to be used. 

The heat generated in the tube must be 
known; the losses are the space charge 
(anode) loss, the filament power and the 
grid loss. Any other expected losses 
should be included. 

To solve the circuit of Figure 1, a cer- 
tain amount of cut-and-try is required, 
because the heat-transfer coefficients are 
functions of the temperature, This 
situation is analogous to solving an elec- 
tric circuit in which the resistances are 
functions of the voltage. However, three 
tries should be enough. 


Thermal circuit for tube envelope 


Figure 1. 
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Figure 2. 


Radiation 


The surface heat-transfer coefficient 
for radiation h, is a way of expressing the 
Stefan-Boltzmann law for the radiation 
between two bodies at different tempera- 
tures. The radiation coefficient given 
here is a useful tool, rather than a physical 
constant like the h,, which can be 
measured, Heat transferred by radiation 
is proportional to the fourth power of the 
temperature; the net radiation between 
two surfaces, one of which is relatively 
small and surrounded by the other at a 
different temperature is given by the ex- 
pression, with units in watts, inches, and 


degrees centigrade 
(72) 
1,000 
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Surface heat-transfer coefficient for radiation, with emissivity 0.9 


é,=emissivity of surface of small body, 
dimensionless 

T;, T,=absolute temperatures of the two 
surfaces, degrees Kelvin =273 + de- 
grees centigrade 


In order to get this expression into the 
form most convenient for natural convec- 
tion cooling, namely 


c= (he +hr)A At 


the radiation coefficient h, is defined as 
q,/AAt. This is the function plotted in 
Figure 2. For convenience in the use of 
this function, it is plotted for e=0.9, a 
value which is a fair average for glass, for 
painted surfaces, and for well-oxidized 
metals. For cases where the surface 
emissivity is known accurately, the heat- 
transfer coefficient is adjusted by mul- 
tiplying by the ratio of the known emis- 
sivity to 0.9. 
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Free Convection 

The free convection coefficient for‘air is 
plotted in Figure 3. The basic equations, 
which are to be found in McAdams,’ are 
plotted here in electrical units. 

The free convection curves are drawn 
for air at atmospheric pressure with 
average temperature of surface and am- 
bient 65 degrees centigrade. To correct 
for other pressures, as in high-altitude 
operation, the coefficients must be mul- 
tiplied by the square root of the ratio of 
the operating pressure to standard atmos- 
phere. To correct for other tempera- 
tures, a nearly linear factor is applied, 
1.06 for arithmetic mean temperature of 
surface and ambient equal to zero degrees 
centigrade, and 0.95 for arithmetic mean 
of 150 degrees centigrade. 

For other fluids, no simple general and 
precise relation will suffice, because of the 
wide variation of properties among fluids, 
and also the variation with temperature 
of the properties of any one fluid. How- 
ever, useful correlations are available in 
the book by W. H. McAdams,? page 243 
and page 248. An indication of the order 
of magnitude to be expected is shown by 
Figure 14, which gives values for water in 
ducts. 


Fins 


If calculations on the basis of Figures 2 
and 3 indicate that the tube wall will run 
only alittle too hot, some expedients may 
be tried before forced cooling is resorted 
to. One possibility is the use of fins, or 
other extended surfaces, where the tube 
configuration will allow their construc- 
tion. 
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Figure 4. Effectiveness of fins on flat sur- 
faces 
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The additional heat dissipated by fins is 
given by the relation: 


q= hA n(tw —ta) (2) 


where 7, the fin effectiveness for fins of 
uniform section, is given by Harper and 
Brown’ as: 


tanh ab 

n= (3) 

ab 
where 

nAs 

= 4 

. yi (4) 
which for flat-sided fins becomes: 

2h 5) 
a oF ( 


In this case 


h=surface heat transfer coefficient 
k=thermal conductivity of fin material 
6=fin thickness 

A;=fin surface area 

Ay=fin cross-section area 

b=fin height 
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Figure 5. Forced- 
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Figure 4 gives the numerical value of 
effectiveness for fins of uniform cross- 
section. It also gives values for tapered 
fins, where the fin thickness in the above 
expression for a is the average of base and 
tip thickness, Effectiveness for a variety 
of other configurations is given by 
Gardner.‘ 

Several factors must be considered in 
the use of fins. In the first place, the fin 
characteristic known as ‘‘fin effectiveness” 
must be high, because this is the quantity 
that determines how closely the fin sur- 
face temperature approaches the fin base 
temperature. Also, the radiation part 
h, of the heat-transfer coefficient applies 
only to the envelope of the heat-dis- 
sipating area, The usual values of free 
convection coefficient , are valid only if 
the spacing between fins is great enough 
for free convection to take place ef- 
fectively. A rule-of-thumb states that 
free convection tends to be seriously sup- 
pressed with spacings less than a quarter 
of aninch. Recent data® give the actual 
thickness of the boundary layer as a 


Figure 6 (left). 
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function of the length of a vertical fin; 
the example of the reference states that 
for a wall at 93 degrees centigrade in a 20 
degree centigrade ambient, 8 inches from 
the base the thickness is 0.545 inch. In 
order for the two adjacent boundary 
layers not to interfere at all, the spacing 
for fins this height should exceed 1.09 
inch, However, somewhat closer spacing 
is allowable as the temperatures and 
velocities are dying away rapidly before 
this value is reached. 


Chimneys 


Another possibility of increasing the 
natural convection lies in the use of a 
shield to introduce a chimney effect. 
Some tubes are shielded for electronic 
reasons; the efficacy of the shielding will 
not be impaired by coating the shield with 
material of high emissivity, and the heat 
dissipation will be increased. Moreover, 
the air space between tube and shield is 
normally small, so that convection does 
not take place; opening up the gap to 
permit air flow will result in further cool- 
ing. The same possibility is present in 
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the case of tubes not usually shielded, 
Here the spacing is extremely important, 
as the area for air flow suse large 
enough so that the head produced by the 
difference in density is not wll used up in 
overcoming frietion, and small enough for 
the increased air velocity to be effective in 
increasing heat dissipation, 

To evaluate the temperature dis 
tribution in a tube enclosed by a shield, 
refer to Figure 1, An air 
b/kA is to he inserted ahead of ty, 


resistance is normally high, 


resistance 
This 
becuse free 
conduc 
tivity of still air is very low, Also, for an 
unpainted metal shield, the Ay, is small, 
is opened up enough for 


convection is absent, and the 


If the air dante 
b/kA to be replaced by an additional 
1/h,, and if the shield surface is painted so 
that /, increases approximately 6-fold, the 
tube will be 
w for the same tube temperature 
the losses can be higher, 


temperature rise of the 


lower, ( 


Forced Convection 


The values of forced conveetion het 
transfer coeflicients depend on the char 
acter of the flow, whether laminar, (ur 
bulent, or in the transition repion be twee 
The basie 
work on character of flow was done by 
Osborne Reynolds,” and the Reynolds 
number which bears his name ives the 
criterion for flow, He studied the effect 
of varying water velocity in a straight 
glass tube, introducing ink at the center, 
and photographing the flow pattern, 
Vor low velocities the ink proceeded down 
the tube in a straight line; for 
velocities it imimediately colored the 
whole fluid; while for intermediate 
velocities it produced a wavering pattern, 
He was able to establish the velocity at 
which laminar flow ended, and the 
velocity at which turbulent flow was 
fully established, ‘The Reynolds number, 
which is dimensionless, has been a basie 
parameter in evaluating foreed-convee 
tion coefficients ever since, 

For flow inside duets laminar flow is 


these two well-defined types, 


high 
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Figure 8 (left), 
ture correction factor for flow of air in 
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usally assumed to be present when the 
Reynolds number is below 2, 100; numbers 
from 2,100 to %,000 inelude the (rangition 
region, where the mechanism of heat 
(ransler is incertuin} for numbers above 
8,000 the flow is assumed to be turbulent, 
In the flow over planes the 
critical Reynolds number in mueh higher, 
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and for flow outside tubes there is ne well 
defined eritient, 
‘Three other dimensionless paraneters, 


made up of thermal properties of the 
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Where, for convenience in using tables of 
properties, the dimensions are in pounds, 
feet, tu, hours, deyrees Mahrenhelt, go 
(hat 


Decharacteriae ditension, diameter of 
round duets, four Cine the erosae 
seotion divided by the perimeter for 
luis dueta, the differenee between 
outer and inner diameter for manual 
and the longth wlong a plane, feet 

V= velocity, feet per hour 

ceapeciie heat, Tlie per pouncd-degree 
Hahvenhelt, whieh ta iiumertenally 
equal Co calories pet graitedegree 
cortigrade 

he thermal conduetivity, Bet per houte 
square foot por degree Tahvenheit 
per foot 

p=density, pounds per euble foot 

we viscosity, pounds per hourdoot #242 
(ies Centipoiies 

d= leat Wansler coellielent, Hta per hour: 
vquare foot-deyree Pahrenhelt 


General correlations of heat-transler 
coelliclenty are available in the litera. 
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Figure 10, Foreed-convection coefficient for water in smooth straight duets 
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ture’! for gases and for liquids of low 
viseosity, These correlations make use of 
the foregoing parameters, The most 
useful correlation so far proposed is the 
one due to Colburn," which defines the 
heat-transfer factor / as; 


h (2\" 
Imoy h 


This factor provides a useful means for 
correlating heat-transfer data on sure 
faces of different shapes; numerically, for 
inany common shapes, itis approximately 
equal (within #80 per cent) to the half 
friction factor f/2, where f is the friction 
factor in the Panning equation in hy 
drautios, 

For gases in turbulent flow, there are 
three values of j in terms of Reynolds 
number A which have been determined 
by experiment to be as follows: 


Flow in duets, circular, flat, or annular: 
, 0,021 
aes Ro 


0.0846 


How over planes; j= Re 
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Mow over banks of tubes: j= Roe 
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Nor liquids of low viscosity in duets, in 
the laminar flow repion (<2, 100) there 
are two values of 7, Both are to be 


evaluated, and the higher one tsed; 
\( 
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Figure 11 (left), L/D 
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where L/D is the ratio of length to di- 
ameter 
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In the turbulent region 


0,025 
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Nor liquids of high viscosity, and for 
liquid metals, different relations for j 
exist, These relations are beyond the 
scope of this paper, 

Mrom the equation for J, 


JeoVv 
i) 
(cu /k) 


When / is expressed in watts per 
square inch-deprees centigrade, the di- 
mensions of the right-hand number must 
come out in the same units, and this is 
most easily done by lumping all the con- 
version factors into a single constant, ag 
follows: 


Jepv 


he 0.00806 . 
(cu/k)” 


where the units are tabulated in an earlier 
paragraph of this section, 
It is to be expected that a general re- 
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lationship applying to all fluids will be 
subject to error, and as a matter of fact 
heat-transfer coefficients determined from 
the general equations may be in error by 
*&30 per cent, However, being in error 
by 30 per cent is better than being in 
error by 2-to-1 or 10-to-1, 


Forced Convection for Air and Water 
in Ducts 


Since fluid properties are well known 
for air and water, it is possible to plot 
forced-convection —_heat-transfer coeffi- 
cients as watts per square inch-degrees 
centigrade, against weight velocity of the 
fluid, Wigure 5 gives the heat-transfer 
coefficient for air in smooth straight 
ducts for the conditions specified on the 
figure, and. is to be used with log-mean 
temperature difference, Figures 6, 7, and 
8 give the correction factors to be applied 
when the operating conditions differ from 
those specified in the figure, while Figure 
9 gives the free-convection correction 
factor, 

Figure 10 gives the  heat-transfer 
coeflicient for water in smooth straight 
duets, Tigures 11, 12, and 18 give cor- 
rection factors to be applied as in the case 
of air, except that the average of inlet and 
outlet water temperatures is 20 degrees 
centigrade, Figure 14 gives the curve for 
free-convection, In case of doubt as to 
which curve applies, determine h from 
both and use the higher, 


Pressure Drop in Forced Convection 


The relation between the half-friction 
factor f/2 and the heat transfer factor has 
already been discussed, Pressure drop 
in a pipe is given by the relation; 

te p( v")s 
Ap=4f, 
2g 
where 


p=pressure drop, pound per square foot 


/=Vanning friction factor, dimensionless 


Figure 13. Average-temperature correction 


factor for flow of water in ducts 
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Use 


SURFACE HEAT-TRANSFER COEFFICIENT h 
WATTS 
(SQ. IN)(deg Cc) 


L/D=l\ength to diameter ratio, dimension- 
less 

p=density, pound per cubic foot 

V" =velocity, feet per second 

g=32.2 feet per second per second 


For turbulent flow the friction factor is 
very nearly constant, which means that 
for a given configuration the pressure 
drop varies as the square of the velocity. 
Since the heat-transfer coefficient varies 
as the 0.8 power of the velocity, it is 
obvious that high heat transfer can only 
be obtained at the expense of pressure 
drop. In deciding what velocities to use, 
the balance must be economic, that is, the 
size of blower or pump must be balanced 
against the gain in heat transfer. 


Enclosure Ventilation 


In many cases the tube with associated 
equipment is enclosed in a container. 
The question then arises as to how much 
hotter the tube will run. If the container 
is tightly closed, and dissipating heat by 
radiation and free convection, the tem- 
perature rise may be estimated from 
Figures 2 and 3. The thermal circuit is 
shown in Figure 15, where subscript ¢ 
refers to tube, zw to inner wall, w to outer 
wall and a to ambient. 

The heat from all the sources must be 
dissipated through the walls of the en- 
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closure. The first step is to evaluate the 
wall temperature, which is done as be- 
fore, by cut-and-try. The surface tem- 
perature is independent of the sources 
within the enclosure, except perhaps for 
local heating due to close proximity of one 
of the sources. When the surface tem- 
perature has been evaluated, the tube 
temperature and the box air temperature 
may be calculated. Radiation goes 
directly from the tube to the wall, while 
convection heats the air and must, there- 
fore, be evaluated for both surfaces. 

This calculation will give the maximum 
tube temperature. Opening up the box 
by louvers or holes at top and bottom 
edges will produce a chimney effect which 
will lessen the temperatures. The 
chimney effect is a function of the height 
of the opening above the heat source, and 
is, therefore, less effective if holes are 
punched throughout the walls. 


Conversion Factors 


Data on heat-transfer coefficients and 
on fluid properties are to be found in 
many sources, expressed in a variety of 
units. Table I gives the principal con- 
version factors used for heat transfer co- 
efficients. 

The numerical value of any dimension- 
less number is independent of the units 
employed, as long as the units are self- 
consistent. Table II gives examples of 


Figure 14 (left). 
fer coefficient for water in ducts 


Free-convection heat-trans- 


Figure 15 (above). Thermal circuit for tube 
in enclosure 


The most troublesome unit is viscosity. 
If its value is given in centipoises, mul- 
tiply it by 2.42 to get pounds per hour- 
foot. If it is given in centistokes, it is a 
kinematic viscosity, and must be mul- 
tiplied by the specific gravity to get 
centipoises. If it is given in pounds force- 
second per square foot, multiply it by 
116,000 to get pounds per hour-foot. 


Appendix |. The 892-R Triode 


as an Example 


Figure 16 shows the construction of the 
892-R triode. Looked at as a heat-dissi- 
pating device rather than as an electron- 
producing device, the principal source of 
heat is the anode, with some filament loss. 
Although the plate dissipation rating is 4 kw, 
a test was run under the following condi- 
tions: plate dissipation 5 kw and filament 
1.32 kw, making a total of 6,320 watts to be 
dissipated by the finned radiator. For this 
condition, the test air flow was 450 cubic 
feet per minute. The problem is to deter- 
mine the temperature which would be read 
by a thermocouple embedded in the radia- 
tor, with inlet air at 27 degrees centigrade. 

There are 48 copper fins, 9 inches long, 
average height 2.44 inches, thickness 
0.072 inch, on a core 2.625 inches outside 
diameter. These dimensions determine the 
fin spacing to be 0.100 inch at the base and 
0.418 inch at the tip. 

The quantities to be evaluated are as 
follows: 


Air temperature rise. 

Equivalent diameter of cooling ducts. 
Surface heat-transfer coefficient. 

Fin effectiveness. 

Temperature rise at fin base. 
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To find the air temperature rise Af, the 
‘steady state input is divided by the product 
of weight and specific heat of the air. The 
weight flow in pounds per second is !/¢ of 
the flow in cubic feet per minute times the 
density, where standard air density is 0.075 


pounds per cubic foot. The specific heat 
of air is 0.24 calorie per gram per degree 
centigrade; to get it in watt seconds per 
pound per degree centigrade, multiply by 
1,899, obtaining 455. The temperature rise 
is then given by 


eager. | 632060 
cw 455X450X0.075 


=24.7C 


The area for flow is 
2.44(0.100-++-0.418) /2 =0.631 square inch 
Equivalent diameter is 
4X0.631/(4.88-++0.518) =0.467 inch 
Flow velocity V is 


450 x 144. 60 


: = 128,500 feet per hour 
48 X 0.631 
Weight velocity pV is 


0.075 X 128,500 =9,650 pounds per hour per 
square feet 


The heat-transfer coefficient is found from 
Figure 5, using equivalent diameter 0.467 


Figure 16. Triode used 
in heat transfer and pres- 
sure drop calculations 


inch and weight velocity 9,650, to be 0.0360 
watt per square inch per degree centigrade. 

Fin effectiveness is evaluated from equa- 
tions 3 and 5, using k of copper as 9.75 
watts per square inch-degrees centigrade 
per inch. 


2h 20.0360 _ 
ab =b4|— =2.44 4/———__ = 0.783 
kb 9.75X0.072 


From Figure 4, read fin effectiveness 4 as 
0.84. 

The temperature rise at the fin base now 
is determined from equation 2, with the 
finned area having an effectiveness of 0.84, 
and the unfinned area 1.0. 


At= 
6,320 


0.0360 [0.84(48 X 2X 2.44 X 9.0) + 
1.0(2.6252 —48 X 0.072)9.0] 


=96.9 C 


The hot spot temperature is then 96.9+ 
22.1+27=146 degrees centigrade. The 
measured test value was 128 degrees centi- 
grade rise above 27 degrees centigrade ambi- 
ent, or 155 degrees. It may seem that the cal- 
culated value is thus not conservative. The 
low value may be explained on the basis that 
the heat loss is assumed to be uniformly 
distributed within the core, while in fact it 
is lower toward the ends and higher toward 
the center.” 

A conservative value of pressure drop is 


obtained by using the friction factor of 
0.0137 which is the maximum for turbulent 
flow in ducts. Substituting in the equation 
for pressure drop, and converting to inches 
of water by multiplying by 0.193, the pres~ 
sure drop is 0.25 inch of water. This value 
does not include entrance and exit losses, 
which increase the required head to 0.5 
inch of water. 
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Choice of Telemetering Systems and 


Channels for a Power System 


C. K. DUFF 


MEMBER AIEE 


N ELECTRIC power system con- 

sists of the co-ordinated facilities 
for generation, transformation, and dis- 
tribution of electric power within a given 
area. In large, modern power systems 
this involves the electrical interconnec- 
tion of many power sources within the 
area by means of a transmission system 
which also distributes the power to major 
load centers. Interconnection often ex- 
tends to neighboring power systems in 
adjacent areas, which, in turn, may be 
connected to others beyond them, thus 
creating vast interconnected networks or 
power pools for economic interchange of 
power. In the operation of such inter- 
connected systems, there are many and 
varied applications of telemetering, 
adopted for labor-saving purposes, for 
improvement of efficiency in plant and 
system operation, and for the purpose of 
automatic load and frequency control, 
without which extensive interconnected 
operation would not be feasible. 

This paper describes typical appli- 
cations of telemetering in power sys- 
tems, and points out factors influencing 
the choice of types. Examples are 
from practice of the Hydro-Electric 
Power Commission of Ontario (HEPC). 


Interconnected Systems of 
HEPC of Ontario 


The Commission operates four power 
systems in Ontario, The two largest are 
the Southern Ontario System and the 
North-Eastern System which are nor- 
mally interconnected by a 115-kv tie- 
line. This integrates some 60 power 
plants having a capacity of about 2,750,- 
000 kw by means of a network of high- 
tension transmission lines (115 kv and 
over) totalling 6,400 circuit-miles, in an 


1086 


area about 500 miles east to west and 
500 miles south to north. 

Statistics of high-tension line mileage, 
peak loads, HEPC generating capacity 
and total interconnected generating 
capacity are given in Tables I, IJ, II, 
and IV respectively. 

Ontario also is interconnected at times 
with systems in New York State, and the 
chain sometimes extends as far south as 
Washington, D.C. Future interconnec- 
tions may include neighboring provinces 
and states, in a trend which points to- 
ward ultimate formation of one great 
power network blanketing the whole 
continent, with generators running in 
synchronism throughout. The control of 
power distribution in such extensive net- 
works demands continuous, reliable tele- 
metering of power measurements from 
boundary points of each area to an area 
control center where automatic equipment 
regulates the output of generators within 
the area, thus maintaining the desired 
transfer of power to or from neighbor- 
ing areas, 


SELECTION OF TRLEMETERING 
EQUIPMENT 


Except in a few cases where special 
equipment was designed and built locally, 
commercially available equipments have 
been selected which economically fulfill 
the physical requirements of the applica- 
tion, Commercial accuracy is usually in 
the order of 1 per cent of range which is 
acceptable for most applications. Selec- 
tion of makes and types is dependent upon 
the type of transmission channel avail- 
able, required speed of response, avail- 
able power supplies at transmitting and 
receiving ends and other factors. Stand- 
ardization is desirable, thus permitting a 
reduction in the supplies of spare parts 


a 


i 


ee 


and meter charts which must be kept in 
stock, but with rapid development of the 
art, adherence to standardization is 
difficult, 


Basic Telemetering Types 


The five basic types of telemetering 
systems defined in the 1948 ATEE Telem- 
etering Report! are: 


1. Current type 

2. Voltage type 

3. Frequency type 

4. Position type (or ratio type) 
5. Impulse type (with subtypes) 


Fields of application of these types on the 
Commission's properties are as follows: 


Current Type, such as torque balance. 
For telemetering mechanical motions or 
electrical quantities over distances up to a 
few miles on 2-conductor wire circuits. 


Voltage Type, such as thermal con- 
verters with self-balancing potentiometer 
recorders. For telemetering electric 
power measurements over distances up 
to 20 miles on 2-conductor wire circuit, 
with or without totalizing, for example; 
Load of one or more generators, gener- 
ating stations, transformers or feeders. 


Frequency Type. ‘Though not at pres- 
ent used by the Commission, this type is 
capable of high speed of response, and 
can be used to telemeter mechanical or 
electrical quantities over wire circuits or 
carrier channels which are adapted to 
pass the desired band of frequencies. 


Position Type (ratio type), such as 
Selsyn or Autosyn, and rectified current 
system. For telemetering mechanical 
motions at distances up to a few miles, 
over wire circuits, for example: Water 
level, turbine gate position, gate limit 
setting, governor speed setting, trans- 
former tap-changer position, wind diree- 
tion indicator. 


Paper 51-229, recommended by the ATE EB Telem- 
etering Committee and approved by the AIEE 


Technical Program Committee for tion at 
the AIEE Summer General Meeting, — onto, 
Ont., Canada, June 25-29, 1951. Manuseript sub- 


mitted March 26, 1951; made available for printing 
May 2, 1951, 
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Table |, High-Tension Line Mileage Data, 
ate: December, 1950 

System Voltage, Kv Circuit Miles 
PREMERA Gyn 65.0 9.005 250s Uae oni 2,693 
RAOTAEIESRTR Gh ie sv v0 8:0 VOLES na Ne lon eee 2,638 
INU ECORE vices LIBRO USB s<ndee cs 1,069 
MMMM cc's sxcayeyscciachisnersisinigmivrete cee’ 6,400 

i 

Impulse Type, such as Chronoflo, 
Metameter, Micromax Ballistic. For 
telemetering mechanical or electrical 


quantities over wire circuits, carrier on 
telephone lines, power lines or radio, by 
channels capable of transmitting a keyed 
signal. 

Examples will be cited to illustrate the 
application of different types of tele- 
metering in the Commission’s power 
plants, then in regional operation, and 
finally in system operation. 


Telemetering in Hydro Plants 


One of the most important factors in 
the operation of a hydroelectric power 
plant is head-water level and to a lesser 
degree tailwater level, since these deter- 
mine the efficiency, capacity, and stored 
energy available at a plant. In some 
plants the levels at more remote points 
upstream or downstream are also im- 
portant because of effects on navigation or 
other interests. To provide an indication 
in the control room of such quantities 
requires the aid of telemetering. The 
two types most commonly used are the 
well-known position type (Selsyn, or 
others) and impulse-duration type, oper- 
ated from a float in a float well. At 
Sir Adam Beck-Niagara number 1 plant 
on the Niagara River, both types are in 
use for forebay level indication in the con- 
trol room in case either float becomes 
fouled with ice or debris. Also, the im- 
pulse telemeter is used for transmitting 
to the regional operator’s office at Niagara 
Falls and to the system supervisor's 
office at Toronto. 


Receririep CURRENT, RatIo-TyPr 
TELEMETER 


Conditions at the Chats Falls plant on 
the Ottawa River led to the choice of the 
Pyershed-Midworth rectified current 
telemetering system for remote water- 
levelindication, The transmitteris located 

ata point where no power supply is avail- 
able. The equipment operates on a-c 
supply which is passed through the trans- 
-mitter and receiver in series, using only 
two line wires. A float-operated rheo- 
stat or current-divider and two half-wave 


rectifiers at the transmitter determine the 
proportions of positive and negative half- 
waves of current which are allowed to 
flow in the circuit. The receiver is a d-c 
ratio-type indicating instrument with 
two coils which are supplied through 
rectifiers so that one is energized by the 
positive half-waves and the other by the 
negative half-waves of the alternating 
current. Operation has been satisfactory 
except for effects of dampness and ice at 
the transmitter, in the absence of electric 
heating. Obstruction of the float or 
water passages by ice was avoided by the 
use of oil instead of water in the float 
well, 


VOLTAGR-Type TELEMETERING 


TOTALIZING 


AND 


Electrical quantities within a power 
plant can usually be measured without 
resort to telemetering, but, for its con- 
venience and adaptability, plant totaliz- 
ing by means of thermal converters, and a 
self-balancing potentiometer recorder has 
recently become standard HEPC prac- 
tice. 

The thermal converter is a device 
which, with no moving parts, converts an 
a-c power measurement into a d-c milli- 
voltage proportional to the a-c power. 
Separate measurements may be added by 
connecting the d-c outputs of two or more 
thermal converters in series. Subtrac- 
tion may be effected by reversing the d-c 
polarity. Since the d-c output auto- 
matically reverses its d-c polarity when 
the direction of power flow reverses, the 
thermal converter is useful also for 
measurement of power in tie lines. A 2- 
wire circuit is required for connection to a 
receiving potentiometer, and since this is 
a sensitive, null-balance instrument, re- 
sistance of 1,000 ohms or more can be 
tolerated in the input circuit. This rep- 
resents many miles of transmission, even 
with small wire sizes. 

This is an application of voltage-type 
telemetering, even though the distance of 
transmission is not great in the case of 
local plant totalizing. Potentiometer 


Table Il. December 1950, HEPC Peak 
Loads (Actual Load Carried) 


er 


Megawatts, 20-Min. Peak 


System 25-Cycle* 60-Cycle Combined 
SHON EH voy oa) n0 LB eZiatt aes CYB erate dais c 2,148 
i ORE, 5000: 5 Og ard tie cena Ac os olacerage 239 
TREE AC «eli usptnoeiath aoe GME 2,386 


* Includes Dominion Power 662/; cycle load. 

Note; 25-cycle and 60-cycle peaks are not neces- 
sarily coincident. Loads are given in terms of 
power generated and purchased, 
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Table Ill. HEPC Dependable Generating 
Capacity, Southern Ontario and Northeastern 
Systems, December 1950 


Total 
Capacity, 
Megawatts Total 
No. of Plants 25 60 Capacity 
System Hydro Other** Cy.* Cy. Mw 


Sr eben picass OO ramets (Pro 818. .598...1,416 
INS BORG iG ce Meinissstantela'tis 012 202.. 93... 295 
Totalccsete Clee warts Oy dneyn 1,020./.601...1,711 


** Small steam and diesel plants. 
* Includes 45 mw of 662/; cycle generation. 


recorders can be purchased which are 
built to incorporate impulse transmitters 
for re-transmission of the measurement by 
impulse-duration telemetering, to more 
remote regional and system operating 
centers. 


Telemetering in Regional Operation 


For co-ordination of the operation of 
two or more plants in a local area, tele- 
metering must extend to greater dis- 
tances. A common case is that of two or 
more generating stations on one river, 
where the water passes through each 
plant in turn, and where the discharges 
of the plants must be co-ordinated. Fre- 
quently one or more such plants are 
operated as unattended stations by re- 
mote control. This usually requires more 
telemetering than when the plant is at- 
tended. 


CURRENT-TYPE TELEMETER 


A typical example is that of two small 
plants, one of which, an unattended plant 
of 7,000 kw capacity, is controlled from a 
plant about three miles further up the 
river. Torque-balance telemeters are 
used to give continuous indications of 
forebay elevation, gate positions and 
kilovar outputs of the two generators at 
the unattended plant, to guide the 
operators in adjusting load and voltage. 

The torque-balance telemeter is one of 
several makes of current-type telemeters 
in which a direct current proportional to 
the measurand is transmitted to an in- 
dicating or recording milliammeter at the 
receiving end. The torque of the pri- 
mary measuring device is balanced against 
that of a permanent-magnet moving-coil 
element which is in series with the trans- 
mission circuit. The transmitted current 
is automatically adjusted to maintain 
the balance of torques. Totalizing may 
be accomplished by. paralleling the 
outputs of different transmitters. Ac- 
curacy is not affected by changes in 
circuit resistance or by variations in 
supply voltage. Transmission distance 
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in the case cited is 18,000 feet, using 
pairs of number 19 gauge rubber-in- 
sulated conductors in an overhead lead- 
covered control cable, but the system is 
usable over much greater distances. 
The system requires a power supply at 
the transmitting end only. 


SUPERVISION OF NIAGARA REGION 


A more extensive installation of tele- 
metering for regional supervision exists in 
the Niagara district, where five large 
hydroelectric plants discharge water the 
ageregate amount of which must be 
limited, as provided by international 
agreement. In the case of four plants, the 
water consumption is calculated from the 
measurement of electric energy output, 
while in the fifth (De Cew) the water is 
controlled and measured where it is 
diverted from the Welland Canal through 
pipes. Discharge through these pipes is 
totalized and telemetered by impulse- 
duration system to De Cew plant where 
it is recorded and also integrated. Each 
of the five plants operates at a different 
head and therefore optimum efficiency in 
use of the total available water requires 
careful supervision of the loading of these 
plants. 

At the regional load supervisor's office 
at Niagara Falls, there are potentiometer 
recorders operating from thermal con- 
verters in the several plants to indicate 
plant loads; also three impulse-duration 
type water-level telemeter receivers to 
show forebay conditions at three of the 
plants. All these telemetering trans- 
missions are through pairs of wires in 
lead-covered control or communication 
cable. The longest run is about 14 miles, 
in which a pair of number 19 gauge wire 
of 1,200 ohms loop resistance connects 
thermal converters at De Cew plant to a 
potentiometer recorder at the regional 
office at Niagara Falls. Maximum milli- 
voltage in the measuring circuit is 238 
millivolts. 

The five load recorders at Niagara 
supervisor's office are built as impulse 


Table IV. Interconnected Generating Capac- 
ity, Southern and Northeastern Ontario Sys- 
tems, December 1950 


= — = — er 


Total Capacity, Total 
Megawatts Capacity 
System 25 Cy. 60 Cy. Mw 
Si Ontitee to kn PV DOD ian acl Taso tess sila eoO 
Ne Onteearentcre S00} none LAO Reheccste 450 
Total: \' i: sn-eaem 1 BOQ taser BAST Six cts 2,740 
Note: Includes generating capacity of customers 


and suppliers, operated in parallel with the Com- 
mission's systems. Does not include systems in 
United States. 
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25 CY SYSTEM 
(S60 MW 


45 MW 


transmitters for retransmitting the load 
readings to the 
office in Toronto. 
indications are 
Toronto. 

Other facilities at Niagara office in- 
clude a Selsyn-type wind-direction in- 
dicator and d-c tachometer-type wind- 
velocity indicator operated from trans- 
mitters on a tower a few hundred yards 
from the office. One unique facility 
which is available not only to the Niagara 
load supervisor but to any plant operator 
and others who have telephones con- 
nected to the HEPC private automatic 
exchange is an audible indication of water 
level at any of four water-level gauge sta- 
tions located on the upper Niagara River 
and along the 12-mile route of the canal 
which conveys water from the upper river 
to the Sir Adam Beck-Niagara number 1 
power plant. Although the indication is 
audible instead of visible, and is ‘‘as- 
called-for” instead of being continuous, 
the system qualifies as telemetering of the 
impulse-counting type. 


system supervisor's 
Two of the water-level 


also transmitted to 


TOTALIZING City LoAps 


A regional problem which occurs in a 
municipal load area is that of totalizing 
the power demand of a municipality 
which purchases power on a peak demand 
basis. For example, in the city of Toronto 
power is delivered at seven stations at 
each of which graphic meters are in- 
stalled as the basis of billing. To de- 
termine from seven different charts the 
time when the maximum combined de- 
mand occurred is a very onerous task 
with much risk of error, but a potentiom- 
eter-type totalizer, supplied by thermal 
converters in the various stations, gives 
the time of the peak, and normally agrees 
with the total as measured by the seven 
individual meters within one percent. 
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Figure 1. HEPC System Interconnections, 
Southern and Northeastern Ontario as of 
December 1950 


line measurements telemetered to 
control centers 


aw =tie 


The Toronto load supervisor, in whose 
office the totalizing recorder is installed, 
also uses its indications as a guide to 
operation. In this installation there are 
now 380 thermal converters connected in 
series through 20 circuit-miles of small- 
size conductor in multiconductor com- 
munication cable. Total loop resistance 
is about 1,600 ohms. 


Telemetering in System Operation 


Supervision of a large interconnected 
power system aims at the most efficient 
utilization of all power resources. Pro- 
vision must be made for meeting all load 
demands as they change from minute to 
minute and from hour to hour, and for 
maintaining suitable voltage levels at 
load centers. Hence the system super- 
visor requires an indication of these 
changing loads as they appear in the out- 
put of major generating stations and in 
the loads of tie-lines and frequency 
changers interconnecting different sys- 
tems or divisions within a system. ‘This 
requires system-wide telemetering, since 
generating stations and tie lines are 
likely to be far from the supervisor's 
office. Figure 1 shows a schematic dia- 
gram of the interconnected syle in 
Ontario and adjacent areas. \ 

Modern practice is to regulate the out- 
put of key generating stations in each 
system or division of an. rected 
group so that each area takes of its 
own load changes and tie-line loads are 
maintained at scheduled values. Such 
regulation is done by automatic con- 


ATER TRANSACTIONS 


Pg 


Figure 2. Telemeter and control panels in system supervisor's office 


trollers which are sensitive to changes in 
the tie-line loads and also to system fre- 
quency, hence called load-frequency con- 
trol. When deviations occur in either 
load or frequency the controllers send out 
raising or lowering impulses which are 
transmitted to the turbine governors of 
generators in the selected regulating 
plants, causing them to change their 
output to restore scheduled conditions. 
Other plants tend to hold constant load 
except when changed by manual con- 
trol. The variable quantities, regulating 
plant loads and tie-line loads, are there- 
fore the most important quantities to be 
telemetered. ‘Tie-line telemetering, being 
a link in a closed-loop automatic control 
system, should possess a high degree of 
reliability and speed of response. 


SYSTEM SUPERVISOR’S OFFICE, TORONTO 


Supervision of the HEPC Southern 
Ontario System is conducted from an 
office in Toronto, to which are telem- 
etered, at present, the loads of three 25- 
cycle generating stations, two 60-cycle 
generating stations, three frequency- 
changer stations, one 25-cycle and four 
60-cycle tie lines, and two forebay levels. 
Two load-frequency controllers are 
located in the Toronto Office, one for con- 
trol of the 25-cycle division and the other 
for the 60-cycle division. Niagara plants 
(Sir Adam Beck-Niagara number 1 or De 
Cew) are used for 25-cycle system reg- 
ulation and plants in Eastern Ontario 
for 60-cycle regulation. Figure 2 shows a 
metering and control panel in the system 
supervisor’s office, Toronto. 


LONG-DISTANCE ‘TELEMETERING 


For long distances of transmission over 
channels of variable attenuation the fre- 
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quency system or some form of impulse 
system is most suitable, since the ac 
curacy of the system is not dependent 
upon the magnitude of the electrical 
quantity in the transmission circuit, but 
only upon some time function such as 
frequency, duration, impulse 
rate, or impulse spacing. Another ad- 
vantage is the simplicity of relaying the 
signal as often as necessary to span any 
desired distance. 


impulse 


Among impulse systems, the most 


commonly used in power-system ap- 
plications is the impulse-duration type in 
which impulses recur at fixed intervals 
called the impulse period, and individual 
impulses have a duration dependent upon 
the magnitude of the measurand. The 
ability of this system to follow a rapidly 
changing variable depends largely upon 
the impulse period which is usually be- 
tween two and fifteen seconds, depending 
upon the make and the application. Short 
impulse periods give faster response but 
require more critical adjustments of in- 
struments and also of channel equip- 
ment. 

With the exception of two local load 
measurements, which use potentiometer 
recorders connected by cable circuits to 
thermal converters at Scarboro, all load 
telemetering to the Toronto office is im- 
pulse-duration type, using almost ex- 
clusively Leeds and Northrup “Micro- 
max Ballistic’ telemeters. The primary 
measurement at the transmitting points is 
by thermal converters and potentiometer 
recorders, which produce telemetering 
impulses at 2.4-second intervals. The 
impulse duration varies between 0.1 and 
2.0 seconds in accordance with changes 
in the load measurement. At the re- 
ceiver, the incoming impulse applies a 
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slow rate of charge to a capacitor, which 
at the end of the impulse, retains a voltage 
proportional to the impulse duration. 
Mechanically operated contacts then 
transfer the capacitor to the measuring 
circuit of the potentiometer recorder by 
which the voltage is measured, after 
which the capacitor is discharged and 
connected again to be charged by the next 
incoming impulse. 

The over-all speed of response of such a 
load-telemetering system is the com- 
bined time delay of the thermal con- 
verters and of the telemetering instru- 
ments. For tie-line measurements, where 
automatic control is involved, thermal 
converters are specified which measure 90 
per cent of any load change in one second 
or less and the over-all speed with 2.4- 
second.impulse period is satisfactory for 
control purposes under average condi- 
tions. 

vach load-recording telemeter at 
Toronto has in it a retransmitting slide- 
wire or voltage divider. In the case of tie- 
line load recorders these slide-wires feed 
into the appropriate system net inter- 
change controller. In the case of generat- 
ing station load recorders, the retrans- 
mitting slide-wires are used for local 
totalizing. Since some plant outputs are 
not at present telemetered to Toronto, 
the loads of these, reported by telephone, 
are injected into the total by means of 
manually adjustable voltage dividers, so 
that an approximate record of total sys- 
tem generation is obtained. 


Telemetering and Control Channels 


The two principal kinds of channel for 
telemetering and associated remote con- 
trol are wire circuits (sometimes called 
pilot wires) and carrier on existing tele- 
phone lines or power lines. The simplest 
channel is a wire circuit used for no other 
purpose, in which case any of the five 
basic types of telemetering may be used 
up to distances which may be limited by 
line resistance or leakage or by economic 
considerations. Open-wire lines are some- 
what vulnerable to variable leakage, 
weather hazards, and inductive inter- 


Table V. Channel-Miles of Carrier in Service 
on Southern Ontario System, April 1951 


Channel Miles 


Telephone-line Power-line 
Carrier Carrier 
For load control........+ Ob iis catatertomse 860 
For telemetering........+ DALE imei tec d ac 2,600 
DOta Wa ae steb, Witte ena’s ties HOGG) meatier 3,460 
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Figure 3. Signal channels, present and pro- 
jected, for telemetering and control 


15 KV LINES 

TELEPHONE LINE OR CABLE CIRCUIT 
CARRIER TRANSMISSION 

OC OR AC(25CY) 

RADIO TRANSMISSION 

LOAD CONTROL 

POWER SUPERVISORS OFFICE, TORONTO 
DISTRICT OPERATORS OFFICE, NIAGARA. 
TELEMETERING 


ference. Lead covered cables are more 
reliable, especially when laid under- 
ground in ducts. One pair may be used 
for two or more channels by using dif- 
ferent audio-frequency signals which, of 
course, are usable only for frequency- 
type or impulse-type telemetering, though 
d-c telemetering (current type) may be 
used simultaneously on the same pair. 
Telephone-line carrier is often used as 
an economical long-distance channel 
where open-wire telephone lines already 
exist and where reliability is not of the 
utmost importance. Frequencies in the 
range from 12 to 25 ke may be applied for 
several channels of impulse-type telem- 
etering without interfering with the 
physical voice channel and one voice 
carrier in the band between 5 and 10.5 ke, 
Distances of 100 miles or more can be 
spanned without repeaters on well-built 
and properly transposed lines, using by- 
pass filters at intermediate terminals and 
blocking filters on tap lines. Attenuation 
is roughly 0.1 decibel per mile and the 
input power level is in the order of 16 
decibels (above one milliwatt into 600 
ohms) on each channel. Coupling to the 
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line at each terminal is through a band- 
pass filter. 


POWER-LINE CARRIER 


Greatest reliability is attained in the 
use of carrier channels on the high-voltage 
power lines which are built to withstand 
very severe weather conditions. Coupling 
is by means of a high-voltage capacitor 
connected between one line conductor 
and ground, with a choke coil in the 
ground lead. A “line trap’ is usually 
connected in series with the line con- 
ductor between the terminal station and 
the point of connection of the coupling 
capacitor, to prevent dissipation of the 
carrier within the local station or its 
transmission into other circuits where it 
might cause interference with other 
carriers. A carrier may be connected be- 
tween one power conductor and ground or 
between two power conductors each 
equipped with couplers and traps, or both 
types of coupling may be used simul- 
taneously with different carrier frequen- 
cies, which requires line traps tuned for 
two frequencies. The carrier frequency 
is in the band between 50 ke and 300 ke. 
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The simplest use of a carrier is to key it on 
and off for impulse telemetering of a 
single quantity, but greater use can be 
made by modulating it with a number of 
audio-frequency ‘‘tones’”’ each of which 
can be keyed as a separate telemetering 
channel. Carrier frequencies and tones 
must be chosen to suit the line attenua- 
tion characteristics and to avoid inter- 
ference between carriers on different 
lines in the same area. The tone fre- 
quencies also must be selected to avoid 
mutual interference and interference from 
harmonics of the power system fre- 
quency. Another method of keying a 
carrier is by the ‘‘frequency-shift”’ sys- 
tem, in which the carrier is shifted by the 
telemetering signal, between two values, 
both crystal-controlled, which are close 
enough together to be passed or blocked 
by a single filter or choke, but far enough 
apart for adequate discrimination. 
Channels suitable for telemetering are 
usable also for various other kinds of 
signalling and control such as raising and 
lowering load-control signals, for super- 
visory control of circuit breakers and 
other equipment, and for the automatic 
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tripping of faulty lines. Such applica- 
tions are continually increasing in number 
so that means of crowding more channels 
onto the existing power lines are always 
being sought. 

For line-of-sight routes, radio channels, 
either short wave or microwave, are enter- 
ing the field as competitors of other means 
of transmission and they have an eco- 
nomic advantage in some cases. 

The HEPC of Ontario in 1950 placed 
in operation its first power-line carrier 
telemetering and control channels on a 
230-ky power line between Toronto and 
Chats Falls plant (near Ottawa) a dis- 
tance of 214 miles, using 71 ke for in- 
coming telemetering and 97 kc for out- 
going load control, both coupled to the 
same two line conductors. Tone fre- 
quencies between 200 and 3,000 cycles are 
used to modulate the carriers to give a 
maximum number of eight channels each 
way. Additional tone-modulated car- 


riers and also some frequency-shift carriers 
are being installed on other lines. Radio 
channels for telemetering have been 
tried experimentally between Masson and 
Merivale in the Ottawa area with en- 
couraging results. The distance is about 
23 miles, using high-gain directional 
antennas at an elevation of 325 feet and 
100 feet above ground at the two ter- 
minals respectively. Trials to date have 
been with l-way transmission at 158.25 
megacycles, using frequency modulation 
for one voice channel, and it is planned to 
add two tones at frequencies above the 
voice band for impulse-duration telem- 
etering. 

Defining a channel as a path which is 
suitable for the transmission of any single 
control or telemetering signal, the number 
of channel-miles of telephone-line and 
power-line carrier at present in use for 
telemetering and control on the Southern 
Ontario System are summarized in Table 


V. The diagram of Figure 3 shows 
schematically the routes of present and 
projected carrier channels and of wire cir- 
cuits (mostly in cable) associated with 
them. 


Conclusion 


Telemetering has proved itself to be an 
essential tool in the efficient operation of 
electric power plants and interconnected 
systems. The number of applications is 
continually increasing as systems grow 
and interconnections are extended, pred- 
icated upon the reliability of telemeter- 
ing instruments and channels, and auto- 
matic controls associated therewith. 
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~ Regeneration with a Mercury Arc 


Rectifier on the Central Railway of Brazil 
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HE ESTRADA de Ferro Central do 

Brasil (Central Railway of Brazil) is 
one of the most important railway sys- 
tems in Brazil. It constitutes the only 
rail link between the two largest cities, 
Rio de Janeiro and Sao Paulo. It also 
serves important mineral regions in the 
State of Minas Geraes, to the north of 
Rio de Janeiro. 

In 1935, electrification of the suburban 
section about Rio de Janeiro was under- 
taken,! using mercury-are rectifiers to 
supply power to an overhead trolley sys- 
tem at 3,000 volts of direct current. This 
electrification extended to Deodoro, 14 
miles from Rio, and was completed in 
1938. 

Further extension of the electrification 
was delayed by the incidence of World 
War II. It was finally undertaken in 
1945, and when the present phase is com- 
pleted, the main line will be electrified as 
far as Volta Redonda, 88 miles from Rio. 
The line climbs up to the edge of the 
coastal incline between Guedes da Costa 
and H. Antunes. In this.interval, there 
is an average gradient of 1.65 per cent 
over a distance of 16 miles. Figure 1 
shows a map and profile of the electrified 
section of the main line. 

A survey of traffic and load conditions 
indicated that it would be profitable to 
install an inverter on this grade to permit 
power delivered by regenerating locomo- 
tives descending the grade to be re- 
turned to the primary power-supply 
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system. Accordingly, one of the system 
substations, consisting of three rectifiers 
and one inverter, was designed for in- 
stallation near Scheid, about 7 miles 
below H. Antunes. The purpose of this 
paper is to describe the installation at this 
substation and particularly the regulating 
system used to control the d-c voltage. 


Conversion Apparatus 


RECTIFIERS 


Three rectifiers are installed in the sub- 
station. Each rectifier has a continuous 
rating of 2,000 kw at 3,000 volts of direct 
current with short time ratings of 150 


- ANTUNES 
VOLTA y y 


REDONDA 


BARRA 
DO PIRAI 


a) 


di 


per cent for two hours and 300 per cent 
for five minutes. These rectifiers are of 
the multianode continuously-pumped 
type, having six anodes and control grids. 
Each rectifier is supplied from a 44-kv 
50-cycle system, through a 2,360-kva 
rectifier transformer having a forked 
secondary connection. 

Each rectifier cathode is connected to 
the positive bus through a high-speed 
reverse-current circuit breaker. The 
transformer neutrals are connected to a 
negative bus, which, in turn, is connected 
to the track rails through a filter designed 
to remove the 6th, 12th, and 18th har- 
monics from the output of the rectifier. 


INVERTER 


The inverter equipment is rated 1800 
kw continuously at 3,000 volts, with 
short time ratings of 150 per cent for 2 
hours and 300 per cent for 5 minutes. 
The design of the inverter tank is sub- 
stantially the same as that of the rectifier. 
The inverter transformer is designed so 
that when the inverter is operated at 300 
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Figure 1. Map and profile of 
main line from Rio de Janeiro to 


Volta Redonda 
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Figure 2. Schematic diagram of power and regulator circuits 


per cent load with 90 per cent rated 
voltage on the a-c bus, there will be an 
adequate margin angle at the end of 
commutation. The transformer has a 
continuous rating of 3,660 kva. This 


cuit breaker, 


bus. 


an air-core reactor and a high-speed cir- 
The cathode of the inverter 
tank is connected to the station negative 
The arrangement of power and 
control connections is shown in Figure 2 
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Figure 4. Anode-neutral voltages and anode currents 


(A). Rectifier no load 

(B). Rectifier with phase retard 
(C). Inverter with light load 
(D). Inverter with heavy load 


REGULATING SYSTEM 


Close control of the station voltage is 
desirable, particularly when there is 
heavy regeneration at points remote from 
the station. In such cases the d-c line- 


high rating results from the power factor 
of the inverter which is quite low when 
the inverter is designed to carry large 
overloads at reduced alternating voltage. 

The neutral of the inverter transformer 
is connected to the positive bus through 


Figure 3 is an illustration of the station 
interior, showing the rectifier and in- 
verter tanks, together with their auxil- 
iaries. 


drop increases the voltage at the locomo- 
tive and this voltage may become ex- 
cessive if appreciable voltage rise is per- 
mitted at the station. 


INVERTER 
ANGLE OF ADVANCE 


Interior of substation at Scheid, showing inverter 
and rectifier tanks and auxiliaries 


Figure 3 (below). 


Figure 5 (right). , Regulation curves of inverter and two parallel rectifiers 
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INVERTER VOLTS AT 
ZERO LOAD 


CURRENT CIRCULATING 
ETWEEN RECTIFIER 
AND INVERTER 


a TVA NS AS 


wid control of the rectifiers is best 
achieved with peaking transformers. 
These transformers have a restricted iron 
section associated with the secondary 
winding so that the secondary voltage 
has a narrow peak with a wavefront 
which is nearly vertical, 

Two important advantages result from 
the use of peaking transformers, 

1. The grid firing time is not affected by 
distortion of the supply voltage to the excita- 
tion circuit, Such distortion becomes pro- 
nounced in a long line supplying a large 
rectifier load where extensive phase multi- 
plication is not employed, 

2. By biasing the core of the peaking 
transformer with a d-c winding and adjust- 
ing the current in this winding, the phase 
of the grid voltage may be varied. D-c 
voltage control then becomes a matter of 
controlling current in a d-e circuit where the 
total power is in the order of dozens of 
watts, 

A separate peaking transformer is em- 
ployed for each rectifier grid. Negative 
grid bias is supplied by a dry-plate recti- 
fier. Pach peaking transformer has 2- 
phase-shift windings. One set of phase- 
shift windings is used to control the sta- 
tion voltage and the other set is used for 
load balance among the three rectifiers, 

The -voltage-regulating — phase-shift 
windings are energized by an amplidyne 
generator, whose field is controlled by a 
Diactor-type regulator in response to 
variations in direct voltage. The voltage 
signal to the voltage regulator is sup- 
plied through a magnetic amplifier, which 
isolates the regulating system from the 
d-c bus. 
' The inverter grids are excited from a 
separate set of peaking transformers, 
each having a single phase-shifting wind- 
ing. These phase-shifting windings are 
energized by the same amplidyne which 
supplies the rectifier phase-shifting wind- 
ings. 

The grid transformers of the three 
rectifiers and the inverter are connected to 
the excitation power-supply through four 
adjustable phase-shifting devices to per- 
mit individual adjustment of the phase of 
grid excitation at no load. 
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RECTIFIER VOLTS 
AT ZERO LOAD 


Figure 6 (left). 
Wave forms of 
rectifier and in- 
verter adjusted 
for equal volt- 
ages at no load 


— 


RECTIFIER VOLTS 
DURING INVERTER 
OPERATION 


Figure 7 (right). 

Action of regu- 

lator on inverter 

and rectifier volt- 
ages 


INVERTER 


Circurir AcrioN OF RECTIFIER AND 


INVERTER 


Figure 2 includes elementary power 
connections of the rectifier and inverter. 
Figure 4 shows the wave forms of the 
anode voltages with respect to the trans- 
former neutral. Figure 4(A) shows 
rectifier anode voltages and the theoretical 
no-load voltage, where only the most 
positive anode is conducting. Voltage 
control is obtained by using the grids to 
delay the start of anode conduction. 
Current is not immediately transferred 
from one anode to another at the end of a 
conducting period, but requires an in- 
terval of time, or commutating angle, 
whose value depends on load current, 
commutating reactance and commutating 
voltage. Figure 4(B) shows direct volt- 
age and anode currents in a rectifier 
operating with phase retard. 

Since the grid of a vapor rectifier can 
act only to prevent anode conduction 
from starting and not to control it after it 
has started, current transfer between 
anodes in an inverter circuit must be 
completed before the outgoing anode be- 
comes more positive than the incoming 
anode. The period of negative voltage 
remaining after transfer is completed is 
called the margin angle. A small margin 
angle is needed for clean-up of the ioniza- 
tion between grid and anode after current 
transfer is completed, so that the grid 
will block the anode when the latter be- 
comes positive. 

Increasing commutating time causes 
the margin angle to become progressively 
smaller as the load is increased and in- 
verter load limit is reached when the 
margin angle disappears. Figure 4(C) 
and 4(D) shows inverter anode-current 
and d-c voltage wave forms at different 
loads. The reduced margin angle at in- 


Schmidt—Regeneration with a Mercury Arc Rectifier 


— = = 


DC VOLTS “. 
}} 


INVERTER VOLTS DURING 
RECTIFIER OPERATION 


—_—— 
_— 
=—_— 

SS 


EGULATED VOLTS 


RECTIFIER VOLTS. 
WITH LOAD ABOVE 
REGULATING RANGE | 


RECTIFIER 


OC AMPERES 


creased load is apparent. When the 
margin angle disappears, current transfer 
between anodes stops, and the inverter 
constitutes a short circuit of the d-c 
system, since its average voltage is zero. 
The condition is termed ‘‘are-through” 
and the inverter protective circuit breaker 
must be arranged to trip on over-current 
in the forward direction. The inverter 
d-c reactor limits the rate of rise of cur- 
rent due to arc-through. 


Action of Regulating System 


REGULATION OF RECTIFIER AND 
INVERTER 


The regulation curves of both the in- 
verter and rectifier?’ are linear up to 
several times rated load. The voltage of 
the rectifier may be expressed as 


Ea=Erao cos a—K,Ig—Egq (1) 
The voltage of the inverter is 

Ea=Ejao cos B+ KiIa+Ea (2) 

where 


Eqa=4d-c line volts 

Iqa=d-c amperes 

a=angle of retard of rectifier 

B=angle of advance of inverter i 

FE; ao =theoretical voltage of rectifier at no 
load. 


Fjao=theoretical voltage of inverter at no 
load 
Eq=rectifier are drop 


K, and Kj; are constants depending 
upon the transformer and line reactance 
and resistance of the rectifier and in- 
verter respectively. z 

Figure 5 shows the inherent regulation 
curves of the rectifiers and inverter at 
Scheid Substation. Figure 5 is drawn for 
rated a-c system source voltage. If the 
system voltage varies from this value, 
Eyao and EjqoWill vary in direct proportion, 
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while the other quantities in the above 
equations will be unchanged. 


REQUIREMENTS OF REGULATING SYSTEM 


Now let us consider the action in the 
regulating circuit, where the same am- 
plifier, an amplidyne in this case, operates 
to shift the phase of both the rectifier and 
the inverter grids. Reference to Figure 5 
shows ‘that if constant voltage is to be 
maintained, the rectifier grids must be 
advanced with increasing rectifier load, 
and the inverter grids must be advanced 
with increasing inverter load. It is 
evident from the regulator action that 
when the rectifier grids are advanced to 
maintain constant voltage with increasing 
rectifier load, the inverter grids will be 
retarded, and the inverter voltage will 
increase. Similarly, increasing inverter 
load will be accompanied by decreasing 
rectifier voltage. Thus, the smallest 
difference between rectifier and inverter 
voltages will exist at zero station load. 

At zero station load; the rectifier volt- 
age may exceed, equal, or be less than the 
inverter voltage. In the first case, a con- 
tinuous current will circulate between the 
rectifier and inverter, with a value de- 
pending on their regulation and their 
voltage difference. 

If the average voltages of the rectifier 
and inverter are equal, a discontinuous 
current will circulate because of momen- 
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tary voltage differences between rectifier 
and inverter. This is shown in Figure 6, 
where the shaded areas represent the ex- 
cess of rectifier over inverter voltage 
giving rise to circulating current. Such 
circulating current, while not large com- 
pared with the rating of the units, causes 
unnecessary losses and needless reactive 
loading of the a-c system. 

The value of circulating current is re- 
duced by the d-e reactor in the inverter 
circuit. It may be further reduced by 
permitting the inverter voltage to ex- 
ceed the rectifier voltage at noload. Ref- 
erefice to Figure 6 shows that a shift of a 
few degrees in the inverter lead angle 


will result in a material reduction of the 
shaded area, which is a measure of the 
peak value of circulating current. 

Inspection of Figure 5 shows that a 
shift of about 6 degrees in inverter angle of 
advance is sufficient to change the inverter 
voltage 500 volts. Thus if nonautomatic 
control of the station voltage were em- 
ployed, and if the inverter grids were re- 
tarded slightly from the position which 
would give equal rectifier and inverter 
voltages at no load, there would be a 
substantial rise in voltage in the event of a 
regenerative load. The use of a regulat- 
ing system limits this rise to an amount 
depending on the loop gain of the reg- 
ulating system. In the subject case, the 
regulating system has a gain of more than 
50, so that the voltage change at transi- 
tion from rectifying to inverting is hardly 
perceptible. Figure 7 shows the nature of 
the regulated rectifier and inverter volt- 
ages over the entire load range. 


CALCULATION OF PHASE-SHIFT SETTINGS 
AND PHASE-SHIFT LIMITS 


The regulating system is arranged so 
that when the system voltage is at rated 
value, amplidyne voltage of one polarity, 
which we may term positive, controls the 
rectifier voltage, while negative ampli- 
dyne voltage controls the inverter volt- 
age. At zero amplidyne voltage, the recti- 
fier phase shifter is set in a position such 
that the output voltage of the rectifiers 
will have the desired value at the highest 
a-c system voltage expected to exist- 


Figure 8. Com- 
posite average 
hourly loading of 
rectifier and in- 


verter on Scheid Sta- 
> _— tion (averaged over 
1 week) 


This angle is determined by substituting 
in equation 1 the value of E,a, corre- 
sponding to maximum line voltage and 
the transformer primary tap selected for 
operation of the rectifier. Let us suppose 
that the angle a determined in this way is 
31 degrees. The rectifier grid phase 
shifter is then set in a position such that 
when there is no phase shift current in 
the rectifier peaking transformer, grid 
firing occurs at a point correspond- 
ing to 31 degrees phase retard. At 
large rectifier loads, the angle of 
phase retard should be zero and the 
maximum positive amplidyne voltage 
must be able to shift the rectifier grid 
excitation at least 31 degrees. It must 
not advance the phase of grid excitation 
by as much as 31 degrees plus the width of 
the peak voltage firing the grids, other- 
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wise the grids will have become negative 
when the anodes are ready to fire. This 
condition can be avoided by use of a 
voltage limiting circuit on the amplidyne. 

Turning to the inverter, its grid phase- 
shifter must be set in such a position that 
the inverter voltage will have the de- 
sired value at or near no-load when the 
a-c system voltage has its miniriwm 
operating value. The angle of advance 
for this condition is determined from 
equation 2. When the load reaches its 
top value of 3 times rated load and the a-c 
system voltage has its maximum value, 
the angle of advance will have its maxi- 
mum value, also determined from equa- 
tion 2. The maximum negative am- 
plidyne voltage must be sufficient to 
cover the range between minimum and 
maximum angles of advance after the 
phase shifter has been adjusted to give 
the minimum angle of advance at zero 
amplidyne volts. With this arrangement, 
small rectifier loads will result in an am- 
plidyne voltage ranging from zero to a 
small positive value, depending on the 
value of a-c line voltage, and small in- 
verter loads will be accompanied by am- 
plidyne voltages ranging from zero to a 
small negative value. 


RECTIFIER LOAD DIVISION 


Due to differences in the phase-shift 
characteristics of individual grid trans- 
formers and errors in phase-shifter set- 
tings, the rectifiers cannot be expected to 
share load equally over the part of their 
load range where voltage control is effect- 
tive. An equalizer circuit, indicated in 
Figure 2, is employed to compensate for 
unequal sharing of the load. A magnetic 
amplifier is connected to a 100-millivolt 
shunt in the output of each rectifier, and 
delivers to an equalizer circuit through 
current-balance phase-shift windings on 
the peaking transformers a voltage pro- 
portional to the output current of the 
rectifier. If the rectifier currents are all 
equal, there is no current in these wind- 
ings. If one rectifier delivers more than 
its share of current, the equalizer-circuit 
action retards its grid excitation and ad- 
vances the other rectifier grids. 

The regulating system maintains sub- 
stantially constant voltage at the station 
bus under all load conditions within its 
range. At large station overloads, the 
bus voltage drops because the rectifier 
transformer voltage is sufficient to main- 
tain rectifier voltage only to moderate 
overloads. Large dips in a-c voltage also 
result in a drop in station voltage when 
rectifying. Combined with the incidence 
of heavy inverter loading large dips in a-c 
voltage can conceivably result in ex- 
ceeding the commutation limit of the in- 
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verter, The amount of power handled 
by the rectifiers and inverter depends on 
iyain movements and schedules, Migure 4 
shows the average hourly loading of the 
rectifiers and inverter over a one weelk 
period, ‘The integrated inverter load is 
approximately 60 per cent of the inte 
‘This indicates the 
with the in 


grated rectifier load, 


power saving achieved 


verter, 


If the d-e traction locomotives are de- 
signed for regeneration, it is possible to 
design mereury are rectifier substations in 
hilly terrain 60 that constant substation 
maximum 


voltage is maintained and 


power economy is achieved, 
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Synopale: A new method is deseribed for 
supervising sectlonalizing devices on dis 
tribution eysteme by willizing a eentrally 
(Gramemitted, uimodilated carries This 
cartier is remotely modulated by equipment 
loculed on the load slide of the monitored 
seclionalizing device, and the modulated 
ourrior is received al a eonventently loeated 
receiver, A novel lidientor gives inetanta 
neous Warning Of operation of sectlonalizing 
devices or equipment failure,  Sinpleity 
and low cost make ite tise on distribution 
avalemsa feasible for monuttoring of large 
niibers of sectlonalizing devices, 


URAL «and 

wud sublransmigeion lines due both 
to exposure and usage have relatively 
high rates of outages, The length of out 
ave (ine on rural lines is increased by the 
poor facilities for reporting line failure to 
headquarters, [xiang super 


suburban distibution 


service 
visory control equipment, such as is used 
On Leaneinisaion lines, ia economically une 
feasible for supervising even a amall 
number of important seetionalizing polite 
ona distribution system, The multiple 
functions, whieh make it so useful for 
(ranemingion line application, are un 
necessary on a distribution syatem, Con 
sequently, (here isa need for equipment 
which will provide instantaneous and an 
mnbiguous reporting of the opening of a 
sectionalizing device and at the same tine 
show ita location, This information 
would considerably reduce the outage 
(ine and aid in (he location of tine faulty, 
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When used in conjunetion with radio dis. 
patched trouble crews, it can lead to a 
much improved order of service continu 
ily, 

The equipment deseribed in this paper 
provides this service and indicates, auto 
widtically, not only the oceurrence and 
location of an outage, but also the restora 
tion of service to the faulted portions of 
the system, The equipment is relatively 
flinple and inexpensive, maling it pose 
faible to monitor a large number of see 
tionalizing points ona system, It ean be 
used with circuit breakers, reclosers, 
fuses, air switches, or any other section- 
alizing device; it is operated by line 
power and requires no standby power 
supply, Tt is in continuous operating 
condition, and is self-supervising for 
faulis in the equipment, A minimum of 
line treatment is required for its operation 
on distribution lines, and simple auxiliary 
equipment has been developed for this 
purpose, 


Theory of Operation 


The output of a radio frequeney gener- 
ator supplying unmodulated carrier en- 
ergy (o 4 (rangmission line may be modu 
lated by changing the impedance of the 
line, These impedance changes vary the 
radio frequeney eurrent due to variation 
Of the loading of the generator, reaulting 
in (he impressing of a modulated carrier 
current on the line, ‘This modulation 
nay be seeomplished by switehing a 
series induelanee capacitance — eirenit 
lined lo the carrier frequeney on and off 
werons (he line, Migure 1A), The result 
will be an alternately low and high im- 
pedance connected to the carrier penera- 
tor terminals, A modulated (pulsed) 
signal which ean be pieked up by a re. 
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ceiver tuned to the carrier frequeney will 
be present on the power line, If the 
awitching is performed mechanically at 
some definite audio rate, the use of 
several switched inductance capacitance 
circuits on the same line will result in a 
number of audio tones, corresponding to 
the individual switching rates, which can 
be detected and separated to identify 
them, As a more practical method, 
Figure 1(B), the inductance or capaci- 
tance can be varied at an audio frequency 
rate to produce sinusoidal modulation 
and avoid harmonies and other difficulties 
caused by switching of the induetanee 
capacitance circuit, Mach of the varying 
inductance capacitance circuits thereby 
becomes in effect a remote modulator 
with a distinctive modulating frequeney. 
The whole complex modulated carrier 
can be picked up by a carrier receiver, de- 
modulated, and the complex audio signal 
separated into its components by suitable 
band pass filters, 

If the remote modulators are designed 
to obtain their operating power directly 
from the distribution line, the connection 
of a modulator to the line on the load side 
of a seetionalizing device will cause the 
audio signal to be continuously received 
as long as the line is energized, The 
opening of the sectionalizing device will 
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Figure 1(A), Modulation of radio negepney” 


generator by switched series inductance 
capacitance circuit across line, (B). Modula- 
tion of radio frequency generator by sinusoid- 
ally variable capacitance or inductance of 
inductance capacitance circuit 
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Figures. 2. Typical installation of carrier 
monitor system on distribution circuit 


cause interruption of power to the modu- 
lator and loss of its characteristic audio 
tone. The absence of the audio signal 
actuates an indicator designed to respond 
only to its audio frequency and gives a 
visual and audible alarm signal. Since 
the modulator may be located at almost 
any point on the load side of the moni- 
tored sectionalizing device, it is normally 
mounted on a distribution transformer 
pole or on a pole having underbuilt 
secondary, avoiding the necessity of a 
separate 115-volt supply. It may, there- 
fore, also be mounted at a location con- 
veniently available for easy inspection 
and servicing. 

The modulated carrier is impressed on 
the entire power system. The receiver 
may be coupled to the line at any con- 
venient point. Where the service head- 
quarters are served by the same distribu- 
tion line, the receiver can be mounted 
directly at the headquarters and connec- 
tions made to the indicator unit by a 
short audio line. In the event that serv- 
ice headquarters are not adjacent to the 
line, the receiver may be conveniently 


located on the line with the audio output 


of the receiver fed to a telephone line of 
the required length, and the indicator 
located at service headquarters. A 1-line 
diagram of a typical installation is shown 
in Figure 2. 
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Equipment Details 


TRANSMITTER 


The transmitter is a conventional car- 
rier transmitter of 25 watts output. The 
circuit diagram of the engineering model 
used in field tests is shown in Figure 3. 
The only unconventional feature in this 
unit is the power output control circuit 
consisting of V3 with variable grid voltage 
acting as a control on the screen-grid 
voltage of the final amplifier, V2. This 
provides a means of controlling the final 
amplifier output from full 25 watts output 
down to a minimum of 2 to 3 watts with- 
out requiring retuning of the tank cir- 
cuit. This control was provided for field 
test purposes to determine the effects of 
power output changes. on transmission 
characteristics. To provide for situations 


Figure 3. Circuit of 
engineering model 
of carrier transmitter 


where the transmitter and receiver are 
mounted at the same location and a com- 
mon coupling capacitor is used, the load- 
ing coil Ls is provided with a small cou- 
pling winding to which the receiver may be 
connected. The transmitter is designed 
to operate over the frequency range of 50 
ke to 150 ke by using plug-in oscillator, 
tank and loading coils, each tunable 
over a band of +3 ke from a nominal 
center frequency. 


CouPLinG DEVICES 


The transmitter, receiver and remote 
modulators are coupled line-to-ground 
through carrier coupling capacitors, For 
use on systems with line-to-ground volt- 
ages up to 8.7 kv, a specially designed 
0,002-microfarad coupling capacitor is 
used. This capacitor, which is pole- 
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CAPACITOR 
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mounted by means of a hanger bracket, is 
similar to the unit designed for the Bell 
System Rural Subscriber Telephone Serv- 
ice, Figure 4(A).42 The transmitter 
and receiver each use a coupling unit, 
consisting of a drain coil connected from 
the lower end of the coupling capacitor to 
ground and protected against surge volt- 
ages by a telephone type carbon pro- 
tector, Figure 4(B). In accordance with 
standard carrier practice, this drain coil 
serves to hold the 60-cycle voltage at the 
transmitter and receiver terminals to a 
low value while presenting a high im- 
pedance to ground at carrier frequencies. 


RECEIVER 

The receiver, Figure 5, uses a conven- 
tional tuned radio frequency front end 
which feeds into a high gain, high signal 
to noise ratio audio amplifier with about 
The high 
gain and low noise ratio is necessary to 


1.5 watts undistorted output. 


allow for the utilization of signals result- 
ing from the extremely low modulation 
percentages inherent in the system. This 
modulation, as seen at the receiver, is in 
the order of 0.01 per cent to 5 per cent. 
is arranged for 
coupling to standard 2-wire telephone cir- 
cuits up to 15 miles in length without the 
use of additional amplification. 


The receiver output 


ReMOTE MODULATORS 


The remote modulator is one of the 
basically novel components of the super- 
visory system. In consists, essentially, 
of an inductance capacitance series circuit 
in which the Q of the inductance is varied 
at an audio rate, thus varying the carrier 
impedance across the line at the point of 
modulation, The circuit diagram of the 
modulator is shown in Figure 6. The 


TO LINE 
CAPACITOR 


7 VOLTS 
60” 
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Figure 4(A) (above). 
0.002 microfarad, 8,600 volts 


Coupling capacitor, 


Figure 4(B) (right). Coupling unit for use 
with transmitter or receiver 


capacitance of the inductance capacitance 
circuit is provided by the carrier coupling 
capacitor which is connected to ground 
through the series coil L;. This coil is 
magnetically tuned to resonate with the 
coupling capacitor at the carrier fre- 
quency. The inductance is shunted by 
diode V2, which in the nonconducting 
state constitutes a high resistance shunt 
and in the conducting stage is a low re- 
sistance shunt. The Q of the tuned circuit 
varies from a value of about 35 down to a 
very low value, as V2 goes from a non- 
conducting to a conducting state. An 
audio oscillator, utilizing half of double 


triode V; and a specially designed reed 
controller, is followed by an amplifier 
stage using the remaining half of Vy. The 
audio output of this amplifier is fed to the 
biased diode and causes its impedance to 
vary sinusoidally in accordance with the 
audio signal. The carrier voltage appear- 
ing across the inductance capacitance cir- 
cuit is thus sinusoidally modulated, by 
absorption, at a frequency controlled by 
the vibrating reed. The audio voltage 
output of the amplifier can be varied to 
control the modulation ratio. 

The reed controller is a double reed of 
extremely high-frequency stability and 


ae a = 
\Y a | To 
Oo INDICATO: 
© — 


Figure 5. Circuit of engineering model of 


carrier receiver 
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Figure 6. Circuit of remote modulator 


very narrow bandwidth. It has a tem- 
perature versus frequency stability in the 
order of 0.1 per cent over the range of 
—40 degrees centigrade to +55 degrees 
centigrade, and practically no frequency 
drift with voltage change. Regulator 
tube V3 is used to provide gross voltage 
regulation for oscillator and amplifier 
voltages. Radio frequency harmonics 
generated by the nonlinear operation of 
the modulator are successfully attenuated 
by a low-pass filter in the output circuit 
(not shown in the figure). 

The modulator is contained in a stand- 
ard, weatherproof kilowatt-hour meter 
housing, and plugs into a meter socket 
mounted directly to the pole. The 
socket contact connecting to the coupling 
capacitor has a built-in grounding switch 
so arranged that when the modulator 


Figure 7(A). 
amplifier; (B). 


Circuit of indicator main 
Circuit of indicator channel 


INPUT 
FROM 
RECEIVER 
— 


-- 
INPUT FROM 
MAIN 
AMPLIFIER 


wa 
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MODULATOR 


Figure 8. 


housing is pulled out of the socket, the 
capacitor contact is shorted to ground. 
This prevents the current through the 
capacitor from energizing the exposed 
terminal. It also eliminates the need for 
a drain coil at each modulator installa- 
tion. When installed on the pole, a tele- 
phone type carbon protector is connected 
from the low voltage end of the capacitor 
to ground to protect the modulator in- 
ductance against surges, and also to pro- 
vide protection in the event of the induct- 
ance L; becoming open circuited. 


INDICATOR 


The indicator is another novel com- 
ponent of the system. It consists of an 
amplifier and power supply and separate 
channel indicators responsive to each re- 
mote modulator frequency. Figure 7(A) 
shows the circuit diagram of the main 
amplifier. This is a conventional triode 
voltage amplifier utilizing one half of 
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Connection of remote modulator for use in monitoring 
3-phase sectionalizing point | 


double triode Vi, feeding cathode fol- 
lower Vig. . The output of Viz is fed toa 
number of channel indicators in parallel. 
The individual channel indicator is shown 
in Figure 7(B). The input from the main 
amplifier is fed to Vi4, operating as a 
cathode follower, which is coupled into a 
vibrating reed acting as a band-pass 
filter. This dual reed responds with a 
high degree of selectivity to its own res- 
onant frequency, and thus passes a 
signal to its output circuit only when the 
remote modulator associated with it is 
operating. In practice the modulator 
and indicator reeds are pairs, tuned to the 
same frequency. The output of the reed 
band pass filter is amplified in Viz, which 
is transformer coupled to a biased triode 
acting as a relay control tube. Triode 
Vo, is biased by voltage from rectifier 
Voz. The control tube is biased to cut- 
off and will conduct only when a signal 
from the vibrating reed is available. 


VIB 


—_ 
AUDIO INPUT TO 
CHANNEL INDICATOR 


(A) 
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Outdoor 


transmitter 


Figure 9A) (above). 


installation 


Figure 9(B) (right). Indoor receiver installation 


In this condition the relay contacts 
energize a green panel light to indicate 
normal operation of the supervised sec- 
tionalizing device. Opening of the sec- 
tionalizing device, which results in power 
interruption to the remote modulator, 
stops vibration of the reed band pass 
filter and cuts off the relay current in 
Vox. The relay contacts then switch from 
a green to a red light indicating opening 
oi the sectionalizing device. Another set 
of contacts actuates a buzzer or alarm 
bell to call attention to the outage. A 
transfer switch on the indicator channel 
panel allows the alarm to be shut off. It 
will then sound again when the super- 
vised sectionalizing device is re-energized, 
signaling the end of the outage. Time 
delay circuits (not shown in the figure) 
are used to prevent impulse noise from 
actuating the indicator. 

The filaments of Ve, and V2,, which 
are in one tube envelope, are operated in 
series to prevent false indication in the 
event of a filament failure in the bias 
rectifier. Parallel filament operation 
would result in unbiasing V2, and a green 
light would show continually even in the 
event of an outage. Operating both 
halves of the filament of V2 in series gives 
a trouble indication in the event of either 
half of the filament becoming inopera- 
tive. 

The vibrating reed used as a band- 
pass filter is similar in construction to the 
oscillator controller reed of the remote 
modulator. As a band-pass filter, its 
equivalent Q is in the order of its fre- 
quency in cycles, ranging from about 200 
at 200 cycles to about 2,000 at 1,000 
cycles. Utilizing channels separated at 
frequency intervals of 3 per cent, it is 
possible to operate 50 channels in the 
frequency range of 200 to 1,000 cycles. 
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Adjacent channel discrimination is of the 
order of 30 decibels. 
band width is 
cent. 
Provision is made at the rear of the 
main amplifier chassis for power take 


The reed response 
approximately 0.15 per 


offs from each red and green panel light so 
that duplicate light signals can be pro- 
vided on a system map, if desired. While 
the engineering models used in the field 
tests are designed for multiples of 5 chan- 
nels, it is planned in production to have 
the main amplifier and power supply 
capable of feeding 50 channels rack 
mounted in banks of five. In practice it 
has been demonstrated that up to 50 
audio-frequency permitting 50 
monitored points, can be conveniently 
operated on a single carrier. Use of ad- 
ditional carrier frequencies permits mul- 
tiples of 50 channels to be used. 


tones, 


Figure 10. Dual transmitter and receive: 
installation (covers on weatherproof housings) 


at 
«i 


Monrrorinc oF Muttrere Crrcurr 
BREAKER INSTALLATION 


The description so far has outlined the 
method of monitoring a single sectionaliz- 
ing device, On 3-phase installations 
where separate single pole reclosers or 
fuses are used, it would be inconvenient 
and uneconomical to use a separate re- 
mote modulator for each phase. By ising 
the arrangement of Figure 8, one modu- 
lator can be used to monitor any multi- 
phase sectionalizing installation, The 
modulator power is supplied as before 
from the distribution transformer con- 
nected to one phase (phase A in the 
figure). Additional coupling capacitors 
on phases B and C are connected in series 
with relay operating coils to ground, The 
current through the 0.002-microfarad 
capacitors is in the order of 5 milliam- 
peres at 7,200 volts and the relays are de- 
signed to hold in at 3 milliamperes mini- 
mum. The relay contacts are in series 
with each other and with the modulator 
power supply. Thus, failure on either 
phase B or C will cause the relays to drop 
out and de-energize the modulator, 


Installation and Operating Features 

On a typical rural distribution system, 
the transmitter would normally be in- 
stalled on the source side of the first set of 
line circuit breakers. It may be installed 
in the main substation or, if 115-volt 
service is not available there, at the first 
distribution transformer beyond the sub- 
station, 

Where the service headquarters are 
fed by the same power line, the re- 
ceiver would be mounted on the office 
transformer pole and audio leads brought 
in to the indicator unit. The receiver 
and transmitter both may be mounted on 


Figure 11. 


Modulator installation 
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Figure 12. Engineering model of 8-channel 
indicator unit 


the same pole and coupled to the line 
through one capacitor. This procedure 
is used when the office is located at the 
power source. Figure 9 shows a typical 
outdoor transmitter installation and in- 
door receiver installation. Figure 10 
shows a dual transmitter and receiver in- 
stallation with the weatherproof housings 
closed, 

Modulators are installed on any con- 
venient transformer pole on the load side 
of the monitored device. Figure 11 shows 
a typical installation. In general, trans- 
mitters, receivers, and modulators are in- 
stalled in spots conveniently located for 
easy access, although line impedance con- 
siderations may limit the points avail- 
able for transmitter and modulator in- 
stallations. In general, best results are 
obtained when the modulator is located at 
points on the line corresponding to volt- 
age standing wave maxima. These points 
can be quickly and easily found by the use 
of a specially, developed survey instru- 
ment, which is essentially a portable, 
battery operated modulator, coupled to 
the line by means of a coupling capacitor 
contained in a hotstick. The factors in- 
volved are described in a companion 
paper.® 


Figure 13(A). 


Impedance matching network 


Indicator units are installed in a con- 
venient spot in the service headquarters, 
usually at the radio dispatcher’s desk. 
Figure 12 shows an engineering model of 
the indicator unit. In production models, 
multiple indicators may be stacked in a 
relay rack instead of being enclosed in 
separate cabinets. 

Auxiliary components used in the in- 
stallation consist of impedance matching 
networks and multiphase relays, Figure 
13; capacitors for bypassing voltage reg- 
ulators; and specially designed chokes 
for neutralizing the shunting effect of 
power factor correction capacitors. The 
use of these auxiliary components as well 
as a discussion of the effects of series 
operating coils of oil circuit reclosers are 
described in the companion paper.* 


Operating Experience 


Two test installations of this type of 
equipment have been in operation, one 


Figure 13(B). Multiphase relay unit with 
hermetically sealed relays 


for over 2'/, years and one for 8 months. 
The older installation consisted of ex- 
perimental equipment which was re- 
placed afier 18 months by a preproduc- 
tion model. Extensive work on the prob- 
lems of operating carrier equipment of 
this type on distribution lines was carried 
out over the 2!/, year period on this power 
system and the results are discussed in the 
companion paper.* 

The basic operating principles of this 
system and its design features have been 
covered by United States patents granted 
and pending. 
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A Tachometer for Measurement of 


Instantaneous Variations in 
Angular Velocity 


S. P. BARTLES 


MEMBER AIEE 


N_ ultrasensitive recording tachom- 
eter for the measurement of in- 
stantaneous and long term speed varia- 
tions of rotating shafts, rolls, and moving 
continuous webs is described. The in- 
strument has been designed to operate in 
a peripheral speed range of 5 to 120 feet 
per minute and to resolve speed variations 
occurring at frequencies from 0 to 70 
cycles per second, Sensitivity is ad- 
justable in a range from 0.2 to 100 per cent 
speed variation for full scale deflection. A 
resolution of 0.005 per cent speed varia- 
tion is obtained at maximum sensitivity. 
Auxiliary equipment has been incor- 
porated in the tachometer for static and 
dynamic calibration purposes. A fre- 
quency analyzer also has been included 
for determining the frequencies present 
in the complex wave forms usually en- 
countered, Vibration measuring equip- 
ment is sometimes used in conjunction 
with the tachometer in order to better 
correlate results. 


General Description 


The equipment consists of a speed 
sensing unit 7!/) inches long by 3 inches 
square, and the tachometer proper which 
is housed in a portable cabinet 4 feet high 
by 20 inches square. The physical ar- 
rangement of the equipment is shown in 
Figure 1. 

A block diagram of the system is shown 
in Figure 2. The system is composed of a 
speed sensing unit for generating a fre- 
quency signal proportional to angular 
velocity; an a-c amplifier for amplifying 
the output signal from the frequency 
generator; a frequency meter for con- 
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verting the frequency signal to a direct 
voltage signal; a bucking circuit for 
cancelling the major voltage signal, thus 
leaving only plus or minus variations in 
voltage; a low-pass filter for eliminating 
voltages at frequencies above 70 cycles; 
a d-c amplifier for amplifying the plus or 
minus variations in voltage; and a direct 
inking oscillograph recorder capable of 
recording voltage variations at frequen- 
cies up to 100 cycles. 

The diagram also shows an audio 
oscillator equipped with an adjustable 
modulator which is used in place of the 
speed sensing unit in making static and 
dynamic calibration checks of the system 
response. A displacement-type vibration 
pickup device and associated amplifier is 
shown feeding into a second channel of the 
recorder, A frequency analyzer and as- 
sociated low-frequency amplifier is shown 
connected to the output of the low-pass 
filter. 


SPEED SENSING UNIT 


The speed sensing unit is a low inertia 
photoelectric frequency generator pro- 
ducing 6,000 cycles per revolution of its 
shaft which is driven at the point being 
measured by means of a friction drive 
wheel. A cross section through this signal 
generator is shown in Figure 3. 

The frequency signal is produced by a 
photographically reproduced shutter disk 
having 6,000 equally spaced radial lines 
generated upon it. Conventional projec- 
tion optics are used to image the disk on a 
stationary grid which is a copy of a sector 
of the disk. The light striking the cathode 
of the phototube is thus alternately 
shuttered as the disk rotates and pro- 


“ 


“ 


ve 


duces a frequency signal proportional to 
angular velocity of the disk. 

A cathode follower preamplifier stage is 
incorporated in the speed sensing unit to 
reduce the output impedance for trans- 
mission of the signal to the tachometer. 
The speed sensing unit is connected to the 
tachometer through a shielded cable 25 
feet long. 


A-C AMPLIFIER AND LIMITER 


The a-c amplifier and limiter has been 
designed to eliminate the effects of a non- 
uniform wave shape generated by the 
speed sensing unit. In general the am- 
plifier raises the voltage of the signal 
considerably beyond that required to 
drive the frequency converter and the 
limiter clips off the tops of the waves thus 
eliminating the distortion and leaving a 
square wave signal of good uniformity. 

The a-c amplifier consists of a 2-stage 
capacity-coupled system with a fixed gain 
of 6,000. The limiter consists of a twin 
diode clipper stage set to pass a square 
wave of +3 volts amplitude. 


FREQUENCY CONVERTER 


The frequency converter is a frequency 
meter having a range of 0 to 50,000 
cycles. Basically this unit converts the 
carrier frequency to a series of pulses of 
constant amplitude and polarity which 
are then applied to an inductance-capac- 
itance filter. The relationship between 
frequency and current through the induct- 
ance of this filter is linear over the range 
used. A shunt diode rectifier is capacity 
coupled to the filter with a resultant 
direct voltage developed across the output 
terminals of 5 volts at 500 cycles and 100 
volts at 10,000 cycles. 
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AUDIO OSCILLATOR 


OSCILLISC OPE 


Low-Pass FILTER 


A multisection resistance-capacitance 
filter is connected to the output of the 
frequency converter to suppress any re- 
maining trace of the carrier frequency 
from the d-c voltage. Since the lowest 
carrier frequency at which the instru- 
ment is applied is 500 cycles, the filter has 
been designed for cutoff at that fre- 
quency. It should be noted that this 
filter represents a compromise from the 
standpoint that frequencies considerably 
below 70 cycles are attenuated to some 
degree. An inductance-capacitance filter 
would have a sharper cutoff frequency 
but would involve undesirable 60-cycle 
stray field pickup from the power circuits. 


BUCKING CIRCUIT 


A direct voltage bucking circuit is used 
to cancel out the average voltage signal 
Teoming from the frequency converter 
through the low pass filter, thus leaving 
only the plus or minus variations in 
voltage. Since this average voltage signal 
varies from 5 volts at a carrier frequency 
of 500 cycles to 100 volts at 10,000 cycles, 
‘the bucking circuit is made adjustable 
over this voltage range for matching to a 
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specific signal. 

The bucking circuit consists of a 10,000- 
ohm 10-turn helical potentiometer con- 
nected across a 135-volt radio-type B 
battery. This combination is inserted in 
series with and opposing the signal from 
the frequency converter. 


AMPLIFIER AND RECORDER 


A Brush d-c amplifier and dual channel 
electromagnetic direct inking oscillo- 
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graph recorder are used to amplify and 
record the signal passed through the buck- 
ing circuit. The dynamic response of this 
system is practically flat from 0 to 100 
cycles. Although the recorder alone has 
a resonant peak frequency at about 35 
cycles and attenuates quite sharply at 
frequencies above 60 cycles, the amplifier 
employs feed back frequency compensa- 
tion for both of these factors thus ree 
sulting in a combined response generally 
flat out to 100 cycles. 

The second channel of the recorder is 
provided to permit the simultaneous 
measurement of other dependent or in- 
fluencing variables such as linear vibra- 


Figure 3. Speed sensing unit 
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Figure 4. Wave analyzer 


tion, tension or voltage. A suitable sensing 
element and amplifier is required for each 
particular case. The recorder deflection 
coil has a resistance of 1,500 ohms and re- 
quires a potential of 15 volts at 10 milli- 
amperes for full scale deflection. 


WAVE ANALYZER 


Because of the complex nature of the 
recordfrequently produced by the tachom- 
eter, a wave analyzer is provided to 
permit resolution of the complex wave 
form into its component frequencies. A 
Frahm type directly indicating vibrating 
reed unit has been selected for this pur- 
pose. The analyzer consists of 288 mag- 
netically excited reeds covering a spec- 
trum of 12'/, to 100 cycles. Figure 4 
shows the arrangement of this analyzer. 

The advantage of this unit over the 
scanning type lies in the fact that all of 
the tuned elements are energized continu- 
ously and several elements may respond 
simultaneously to frequencies present in 
the signal which correspond to the res- 
onance frequency of these elements, A 
low-frequency amplifier having an im- 
pedance output characteristic to match 
that of the analyzer is used to feed the 
analyzer from the output of the direct 
voltage bucking circuit. 


CALIBRATION EQUIPMENT 


Equipment for calibration of over-all 
static and dynamicresponse of the tachom- 
eter is provided in the form of a beat 
frequency oscillator and a modulator 
having an adjustable frequency charac- 
teristic in the range from 0 to 70 cycles. 
The beat frequency oscillator is shown as 
part of the tachometer proper in Figure 1 
and the modulator equipment is shown 
in Figure 5. 
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The modulator consists of a 12 to 75 
micromicrofarad rotatable air dielectric 
capacitor driven by an adjustable speed 
motor having a speed range from 0 to 70 
revolutions per second, The motor and 
speed controller consist of a laboratory- 
type d-c motor with thyratron field and 
armature control in order to obtain wide 
speed range. 

The speed sensing unit is replaced by 
the combination of the oscillator and 
modulator in calibrating the tachometer 
response. The oscillator is tuned to pro- 
duce a frequency signal duplicating that 
of the speed sensing unit for the particular 
speed in question. The modulator capac- 
itor is connected into the oscillator tank 
circuit, and when rotated it produces a 
small increment variation in oscillator 
output frequency at a rate corresponding 
to the motor speed. Thus a signal that 


can be adjusted for both base speed 
(carrier frequency) and frequency of 
variation is produced for feeding into the 
The over-all dynamic re- 


tachometer. 


5.0 


SENSITIVITY SET AT 0.2% 


Modulator — 


Figure 5. 


sponse of the tachometer system over a 
range of 0 to 70 cycles for carrier frequen- 
cies of 500, 1,000, 1,500, 5,000, and 10,000 
cycles is shown in Figure 6, It is noted 
that the d-c amplifier feedback compensa- 
tion is adjusted for optimum response at 
each carrier frequency. 


Auxiliary Equipment 


Since linear vibration occurring be- 
tween the pickup wheel and point of 
measurement on a roll or moving web is 
measured as a speed variation, a vibration 
displacement pickup device is sometimes 
used along with the speed pickup unit in 
order to correlate results better, The 
vibration sensing device consists of either 
a piezo crystal or a linear differential 
transformer-type device. The output of 
the sensing element is fed through a Brush 
a-c amplifier to the second channel of the 
recorder, 


Figure 6. Over-all tachometer response 
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An oscilloscope is incorporated into the 
tachometer for checking the quality of the 
incoming signal from the speed sensing 
unit in respect to wave shape and am- 
plitude variation. The oscilloscope also is 
used for checking other variables, signal 
tracing, and on-the-spot maintenance 
when the equipment is used away from 
the laboratory. 


Application of the Instrument 


The speed sensing unit is applied at the 
rotating member or moving material 
under consideration. An indicator on the 
face of the frequency converter shows the 
carrier frequency generated by the speed 
sensing unit. This furnishes information 
for the proper setting of the calibrated 
feedback compensation potentiometer in 
the d-c amplifier and also indicates the 
machine speed at which the readings are 
being made. 

With the gain control of the d-c am- 
plifier set at a low value the output is ap- 
plied to the recorder and the bucking 
voltage potentiometer is adjusted to re- 
duce the recorder deflection to zero. The 
gain then is progressively increased while 
keeping the recorder on scale with the 
bucking voltage potentiometer until a 
conveniently measured modulation is ob- 


1 ( 


tained on the recorder. The gain control 
on the d-c amplifier is calibrated in terms 
of per cent speed variation per millimeter 
division on the recorder chart scale. 

A section of a typical chart taken from 
the recorder is shown in Figure 7. This 
record represents the speed variations on 
the output shaft of a d-c motor with an 
integral single stage worm reducer having 
a ratio of 48 to 1. The motor is operating 
at a speed of 40 rpm on the output shaft. 
A speed variation of 3 per cent is clearly 
shown at a frequency of 32 cycles which 
corresponds to the gear tooth frequency 
of the 48-tooth worm wheel. 

The second channel on this chart rep- 
resents variation in direct voltage applied 
to the armature of the motor simul- 
taneous with the tachometer reading. 


Conclusions 


The equipment has proved to be very 
satisfactory in the measurement of speed 
variations produced by various gear, 
belt, chain, and other drives. Resonance 
frequencies of various rotating systems 
have been established, and such things as 
torque pulsations, due to dead armature 
coils incorporated in the design of some 
d-c motors have been measured. 

This equipment combines the desirable 
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features of several instruments, and it is 
believed that the combination offers many 
unique features not available in any other 
form at the present time. 
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Thermal Transients on 


Buried Cable 


Discussion of paper 51-9 by F. H. Buller, 
presented at the AIEE Winter General Meet- 
ing, New York, N. Y., January 22-26, 1951, 
and published in AIEE TRANSACTIONS, 
1951, pages 45-55. 


H. Lottrup Knudsen (Lecturer at the Royal 
Technical University of Denmark, Copen- 
hagen, Denmark): 

It has been a great pleasure to me to read 
Mr. Buller’s solution to the heat conduction 
problem connected with a cable buried in 
earth. The formulas developed in Mr. 
Buller’s paper seem to me to be based on 
physical assumptions that insure their 
validity within the limits stated in the 
paper. 

In his paper Mr. Buller refers to an article 
describing some work made by me a few 
years ago.! However, in Mr. Buller’s 
otherwise correct account of this work a 
misunderstanding seems to have slipped in, 
resulting in a misevaluation of the method 
for solving the heat conduction problem in 
question, given in my paper. In order to 
be able to account for this supposed mis- 
understanding I shall state the main points 
in my method of calculation. 

The mentioned paper describes a single 
example of the application of a general 
principle for solving problems of nonsta- 
tionary heat conduction in unlimited regions 
in which the heat sources are confined to a 
finite domain, According to this principle 
the first thing to do is to demarcate a finite 
region, containing the heat sources and be- 
ing so large that the temperature of the 
bounding, mathematical surface thus intro- 
duced, does not vary appreciably during the 
interval of time to be considered. The 
simplifying, physical assumption is then 
introduced that no appreciable error will be 
committed by setting the temperature of 
the bounding surface equal to zero. Sepa- 
rating the variables we may then express the 
temperature field as an infinite series. Re- 
taining only a few terms of this series an 
approximate expression for the temperature 
field in the central part of the region is 
obtained. To sum up, the two simplifying 
assumptions are 


1. A finite region with the surface tempera- 
ture zero is cut out. 
2. Only a finite number of terms in the in- 


1106 


finite series expressing the temperature field 
is retained. 


The first assumption will cause the re- 
sulting expression for the temperature field 
to be valid only up to a certain time fy, 
whereas the last assumption will cause the 
expression for the temperature only to be 
valid after a certain time 4). By choosing 
the finite region sufficiently large the upper 
limit, 4, of the interval in which the approx- 
imate expression applies may be made arbi- 
trarily large; in order to keep the lower 
limit, ¢;, of this interval unchanged we must 
then usually increase the number of terms 


Figure 1 


in the infinite series expressing the tempera- 
ture field, thereby increasing considerably 
the practical difficulties in carrying out the 
calculation. 

An objection was made to the principle 
used in my paper, in that the temperature 
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field expressed by only a small number of 
eigen functions is a poor approximatign to 
the actual temperature field at the time 
t=(0. However, anybody having even a 
slight knowledge of the mathematical theory 
of heat conduction will know that the con- 
tribution to the temperature field given by 
the higher order eigen functions for a suffi- 
ciently large value of the time is negligible 
compared with the contribution given by 
the first few eigen functions. My paper 
only aimed at giving an expression for the 
temperature field for such large values:of ¢ 
that the contribution from the higher order 
eigen functions was negligible. The objec- 
tion is therefore unfounded. 

Another complaint against the method 
described above, has been that the choice of 
the proper magnitude of the finite region 
depends on an estimate or a rough caleula- 
tion. However, after having finished the 
paper referred to by Mr. Buller, I have be- 
come aware of an extension of the principle 
outlined above, that partly eliminates this 
difficulty and partly involves the advantage 
that we can calculate the temperature field 
for an arbitrarily large interval of time, re- 
taining only one or a few terms in the in- 
finite series. The calculation is simply 
carried out for a number of different sizes of 
the finite region. Retaining in each of these 
cases the same small number of terms in the 
infinite series we choose the magnitudes of 
the various finite regions so that the curves 
calculated for the temperature field as a 
function of time coincide two and two over a 
certain interval of time. 

In my paper a numerical example is 
worked out with the ratio between the 
diameter of the finite layer of earth and the 
diameter of the cable equal to two, How- 
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ever, the paper does not contain any recom- 
mendation of the specific value of the men- 
tioned ratio as stated by Mr. Buller. On 
the contrary, curves of auxiliary functions 
are given for several different values of this 
ratio. 

The above principle will be illustrated 
by a simpler example than the one occurring 
in my paper. An infinite, homogeneous 
medium is heated by sources uniformly dis- 
tributed over a cylindrical surface with 
radius a as shown in Figure 1(A) of this 
discussion. The sources are switched on at 
the time =0. The medium is supposed to 
have the specific heat conduction resistance 
p=200 degrees centigrade cm W™! and the 
specific heat g=2 degrees centigrade 
em~*W second. The radius of the cylinder 
is supposed to be a=3 cm, and the effect of 
the heat sources per-unit length of the 
cylinder is assumed to be 1 watt cm™!. 
Following the principle described above we 
choose a cylindrical layer of earth with 
radius R and concentric with the cylindrical 
surface on which the heat sources are situ- 
ated as shown in Figure 1(B). Setting the 
temperature at r= RK equal to zero we may 
easily find an expression for the temperature 
field by separating the variables. The 
temperature at the cylindrical surface r=a 
is calculated for R/a=8, 6, and 9. By in- 
cluding only two terms in each of the in- 
finite series we hereby find the temperature 
curves shown in Figure 2 of this discussion. 
This figure shows that the intervals in which 
each of the curves is valid have a lower as 
well as an upper bound. It is further seen, 
that the curves coincide two and two over a 
certain interval of time. On the other 
hand, if we retain four terms in each of the 
finite series, we find for the temperature at 
r=a the curves shown in Figure 3 of this 
discussion. The curves in this figure are 
seen to coincide over larger intervals than 
those in the preceding figure as a conse- 
quence of a diminuation of the lower limits 
of the intervals in which the various curves 
are valid. 

Approximate expressions for the lower 
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and the upper limits of the intervals in 
which each of the temperature curves in 
Figures 2 and 3 applies are given by the 
time constants in the first and the last term 
in the mathematical expressions for those 
curves. The approximate intervals calcu- 
lated in this way are plotted below the 
abscissa axes in Figures 2 and 3. With a 
logarithmic scale for the time axis as used in 
Figures 2 and 3 a change in R/a is seen to 
give rise to a translation of the interval in 
which the approximate expression applies, 
the length of the interval remaining un- 
changed. By using only a few different 
values of R/a it is possible to obtain a 
temperature curve valid for a very large 
interval of time. 

The reason why the simple example used 
here was chosen as an illustration of the 
calculation method in question is that an 
exact solution exists for this problem. As 
was shown by Whitehead (reference 4 of the 
paper) and as was also mentioned in Mr. 
Buller’s paper, the temperature field may 
in the present case be expressed as an in- 
tegral, the integrand of which is a product 
of an exponential function and a modified 
Bessel function. It is not possible to ex- 
press this integral in any simple manner by 
known functions. However, for large val- 
ues of the time an approximate expression 
for the integral may be given as shown by 
Whitehead (reference 5 in Mr. Buller’s 
paper). The temperature at r=a caleu- 
lated by using this method is plotted in 
Figures 2 and 8 as the dotted curve. This 
curve is a good approximation only for large 
values of the time. For small values of the 
time an approximate expression for the 
temperature is obtained most easily by 
assuming the heat source to be a plane in- 
stead of a cylindrical surface and the prob- 
lem accordingly a 1-dimensional instead of a 
2-dimensional one. In this way the dot- 
and-dashed curve in Figures 2 and 3 is 
obtained for the temperature at r=a, This 
curve is a good approximation only for small 
values of the time, It may be shown that 
both of these approximate expressions give 
too small values of the temperature. The 
agreement between the temperature curves 
valid respectively for small and for large 
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values of the time and the three temperature 
curves calculated according to the principle 
described in this note is seen to be good. 

In the above a very simple heat conduc- 
tion problem was used as an illustration of 
the principle described here. With the heat 
conduction problem treated in my paper a 
similar result is obtained. I have had no 
opportunity of seeing the calculations on 
which Mr. Buller bases his statement that 
my method leads for different values of the 
radius, R, of the layer of earth, to conflicting 
results. Presumably this conclusion rests 
on a miscalculation or a misunderstanding 
of my paper, possibly caused by a misprint, 
then still unnoticed by me. 

The principle outlined here for calculating 
the temperature field in an infinite region 
will be discussed in more detail elsewhere. 


REFERENCE 


1. See reference 20 of the paper. 


F. H. Buller: It is very gratifying to 
learn that Lektor H. L. Knudsen believes 
that the present solution of this problem is 
satisfactory, especially since he has given 
this problem a great deal of study, and has 
presented a valuable solution of his own. 

His solution is based on fundamental 
assumptions which should be rigorous 
enough to satisfy the most meticulous; in 
fact it is hard to see how it could be im- 
proved on from this standpoint. However, 
there are a couple of points in the applica- 
tion of the theory which require elucidation; 
and this he has provided to a considerable 
degree in the present discussion. 

To be specific these points are: 


1. In applying his theory, Lektor Knud- 
sen substitutes a finite Bessel cable for the 
infinite Bessel cable which should properly 
represent the earth portion of the circuit. 

2. The solution as he has presented it is 
very difficult to use in practice, involving 
the roots of a number of complicated equa- 
tions. 


Now there seems to be little doubt that 
the substitution of a finite Bessel cable for 
an infinite one should give an acceptable 
approximation, at any rate for intervals of 
time which are not too long, provided that 
the outside radius R of the finite cable thus 
substituted is large enough. While Lektor 
Knudsen is, of course, entitled to take any 
radius he wants in an illustrative example, 
it is unfortunate that he chose a radius equal 
to only twice that of the cable in the exam- 
ple which he actually used, and that his 
presentation left the impression that he felt 
this should be sufficient in most if not all 
practical cases. For it turns out that such 
a radius is not nearly large enough. It is 
felt that Lektor Knudsen has materially 
increased the value of his solution by clear- 
ing up this point in the present discussion. 

Furthermore, he states that, for large 
values of time, this assumption limits the 
accuracy of his solution. This statement is 
correct; but it would seem likely that for 
such values of time if the radius RX is large 
enough the Knudsen formula will merge 
into the exponential integral formula (num- 
ber 3 in my paper). If so, it should be 
possible to establish the time at which this 
merging takes place, and to use the simple 
exponential integral formula for times longer 


1107 


than this. Such a procedure is probably 
simpler than the plan which he proposes in 
his discussion for overcoming this particular 
difficulty. 

As Lektor Knudsen points out, his solu- 
tion takes the form of an infinite series; and 
he is quite correct in his statement that it is 
rarely necessary in practice to use more 
than the first few terms. For cables in air, 
experience indicates that three are almost 
invariably sufficient. Since the number re- 
quired tends to increase with the imsulation 
thickness, it is possible that four or five 
might be desirable in the earth portion of 
the circuit, especially if large values of R 
are used. Since each term involves a root 
of a complicated equation, the labor in- 
volved in applying the solution is somewhat 
formidable. 

Lektor Knudsen tells us that for small 
time intervals an approximation is involved 
because of the omission of all but the first 
few terms in the series. It is possible that 
this is the reason why the calculations men- 
tioned in the penultimate paragraph of his 
discussion fail to agree. All these calcula- 
tions were made for times of two hours or 
less from the start of heating. At the end 


of two hours the heating curves for different 
values of R show signs of approaching co- 
incidence, though they do not yet coincide 
in the case calculated. 

It would appear that Lektor Knudsen has 
made a somewhat unfortunate choice in the 
numerical example he has selected to illus- 
trate his discussion. Here again, of course, 
he is at liberty to choose any numerical ex- 
ample he pleases to illustrate a point which 
he has in mind; but it so happens that the 
example which he has selected is based on 
the Whitehead assumptions, which are far 
less accurate from the theoretical standpoint 
than those on which Knudsen’s own tech- 
nique is based. The limitations of the 
Whitehead assumptions are brought out in 
my paper (see comments on equation 5). 
Those who wish to use Knudsen’s method 
are advised to apply his technique in toto 
and to avoid the Whitehead assumptions on 
theoretical grounds. 

To sum the matter up— 


1. Lektor Knudsen’s solution is a per- 
fectly valid one mathematically, and is 
based on very rigorous fundamental assump- 
tions. 
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